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Abstract
Natural composites have become a necessity with which we should not dispense since they will
become the solution and alternative for many traditional polymers that are made of petroleum resources.
By adopting natural, biodegradable polymers, we will definitely contribute in preserving the environment
as well as the fossil fuel which is on its way to depletion in the coming decades.
This work is aimed at the characterization of natural composite based on glycerol plasticized potato starch
reinforced with date palm fibers. Potato starch is plasticized with high purity glycerol and compression
molded. Various compositions of date palm fibers (3.5%, 6.9%, 10%, 12.9%, 15.6%, 18.1%, and 22.8%
by volume) were used out on the same matrix formulation. The average diameter of date palm fibers used
is 0.3 mm and their average length is 5mm. Date palm fibers are tested using tension test to determine
their ultimate tensile strength. The properties of this potato starch/date palm fibers composite material are
analyzed. Mechanical properties (tensile and 3-points bending tests) are used to examine the maximum
stress the composite can endure before it fails as well as to determine the effect of different date palm
fibers volume fractions on the strength, modulus of elasticity, and strain of the composite material. X-Ray
diffraction (XRD) is used as well to determine the change in the crystallinity of potato starch before and
after processing as well as its crystallinity before and after adding date palm fibers. The morphology of
the thermoplastic matrix before and after adding date palm fibers (DPF) is analyzed using scanning
electron microscopy. The tensile strength of the composite increased with increasing fiber content up to
22.8% by volume. Values for tensile strength and Young’s modulus increased from 0.975 MPa and 40
MPa, respectively, for the neat matrix and reached a value of 6.67MPa, and 800 MPa for the composite
with 22.8% by volume. Crystallinity increased from 27.16% for thermoplastic starch to 36.03% for the
22.8% composite. Electrical resistivity experienced an increase from 0.48 MΩ for the plasticized matrix
to reach 3.26 MΩ for the composite containing 22.8% by volume of DPFs. Anticipated applications for
this composite are automotive industry, construction industry, and food packaging.
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Nomenclature
DPF

Date Palm Fiber

TPS

Thermoplastic Starch

Vf

Volume fraction of fibers

Vm

Volume fraction of matrix
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Chapter 1
Introduction
Pollution is the nightmare most countries are suffering from nowadays. Many reasons stand
behind this dilemma and the most important of them is the environmental degradation. Lack of proper
protection, utilizing harmful materials, improper disposal of wastes, as well as many other problems have
led to the environmental degradation we are suffering from nowadays. Besides, the depletion of the
resources and absence of new techniques for finding cheap alternatives for these resources drove the
scientists to think about natural resources to keep the invention wheel in the materials creation sector
moving. In addition and as a result of this degradation, new trends have been implemented which depend
mainly on developing new, green, biodegradable, and environmentally friendly materials that can be
disintegrated by the action of soil bacteria and other meteor factors. These materials are manufactured
mainly from natural resources with the addition of some other oil based/ chemical additives that are
necessary for enhancing the mechanical, physical, and chemical properties of those new materials.
Currently, there is an increasing tendency to use natural resources for manufacturing composites
to overcome the dilemmas of environmental degradation, resources depletion, and unused wastes in
various industries. For fiber reinforced polymeric composites, different types of natural fibers i.e. palm
trees fibers, flax fibers (1), bamboo fibers (2), kraft softwood pulp fibers (3), pineapple leaf fibers (4)
were used as reinforcements with non-biodegradable matrices such as epoxies and polyurethane (5). Still
the matrices are nondegradable and the trends are to create an entirely natural, biodegradable composite
material that will not affect the environment after its disposal. Several researches are being done to get the
best combination that combines natural filler, natural matrix, and natural additives (plasticizer, cross
linking agents, initiators, accelerating agents, catalysts, compatibilisers, and solvents).
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Biodegradable polymeric composites are categorized into four main families (Figure 1-1). Three
out of these four families are from renewable resources while only one is pertained to the fossil fuel
category.

Figure 1-1: Classification of biodegradable polymer. (6)

Among these four families, the one we are concerned about the most is the Polysaccharides from
the biomass products family (agro polymers). These biomass products include starch, lingo cellulosic
products, and other products like Pectin, Chitosan / Chitin and Gums.
In this study, we are focusing on using biodegradable polymer as a matrix which is commercially
available in Egypt and low in cost (Potato starch) reinforced with high strength date palm fibers. Date
Palm fibers are very cheap and widely available in most Arab countries. Fibers were randomly dispersed
within the matrix. Glycerol is added to the mixture to plasticize the potato starch and to facilitate the
stirring process. Water is also added as a solvent for starch.
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Chapter 2

Objectives
Throughout this study, soluble potato starch powder, which is an environmentally friendly,
natural, and biodegradable material, is used as a matrix material. Date Palm fibers obtained from date
fruit bearing branches are used as a reinforcement which is environmentally friendly and biodegradable as
well. Glycerol is used as an additive to plasticize starch and provide better mixing ambience for the fibers
with starch. Water is used as a solvent for starch which increases the liquidity of the mixture and makes
the stirring process much easier.
Potato starch and date palm fibers are treated first and then mixed together in order to prepare a
biodegradable, environmentally friendly polymeric composite that might replace some of the oil based,
non-biodegradable polymeric composites.
To sum up, the main objectives of this work are:
1- Determining the optimum preparation conditions for potato starch based matrix,
2- Evaluating the mechanical behavior of the composite with different DPFs volume fractions,
3- Studying the effect of adding date palm fibers on the preparation of the resulting composite,
4- Determining the optimum compositions and preparation conditions of the composite, and
5- To recommend directions for future work
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Chapter 3

Literature Review
3.1 Natural Fibers:
3.1.1 Overview
Different types of natural fibers as well as different processing methods were utilized. These
natural fibers are coming from different resources such as animals, plants, or minerals. Cellulose is the
main constituent of plant fibers (hard or leaf fibers, basalt fibers, fruit, seed, cereal straw, wood, and grass
fibers) while proteins frorm animal fibers (hair, silk, and wool) (7).Plant fibers possess high reinforcing
efficiency because of the cellulose nature and its crystallinity (7).
Plants fibers are characterized by a variety of properties which make them dominate over
traditional synthetic fibers. They have low specific weight which results in high specific stiffness and
specific strength in comparison to synthetic fibers. Production of natural fibers requires simple
equipments which make their production an economical process. Comparing to synthetic fibers, the
handling process and working conditions of biofibers are much safer. Cost reduction is one of the main
factors on which biofibers have a great influence. They are nonabrasive materials to the blending, mixing,
and molding equipment, which positively affect the maintenance cost and time (7). In case these fibers are
composted, they do not emit carbon dioxide in the atmosphere which makes them considered as carbon
dioxide neutral materials. High electrical resistivity, possible thermal recycling, and wide availability are
also among the pros of the biofibers (7). Natural fibers buckling rather than breaking manner during
processing and fabrication is also among the pros of these fibers. Different types of natural fibers, their
species and origins are listed in Table 3-1.
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Table 3-1: Important biofibers (7)

Although there are many pros for biofibers, there are also some cons. Some biofibers have
hydrophilic and polar nature and when mixed with non-polar thermoplastic matrices, will result in nonuniform dispersion of the fibers inside the matrix that will negatively affect the composite efficiency.
Natural fibers must degrade at higher temperature than the processing temperature of the composite (200
C), which limits the types of natural matrices with which natural fibers can be used. Moisture absorption
of the natural fibers which in turn will cause swelling and voids emergence at the interface of the
composite that will eventually lead to weak mechanical properties as well as reduced dimensional
stability is also among the disadvantages of the natural fibers (7). Natural fibers are susceptible to rotting
and have sparse microbial resistance.
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3.1.2 Types of Natural Fibers
A) Leaf wood fibers and Paper Pulp Fibers (PPF)
Some authors (6), have used natural cellulose fibers obtained from leaf wood as a filler material
for their composite. These fibers have a cellulose content of more than 99.5 %. The fibers shape is close
to that of ribbons (Figure 3-1). Different fiber lengths were examined such as, 60 μ (short fibers (SF)),
300 μ (medium fibers (MF)), and 900 μ (long fibers (LF)). Their (length / diameter) initial ratios were: 3,
15, and 45 respectively.

Figure3-1: Leaf wood long fibers (LF), obtained by optical microscope. Scale = 100 µg) (6)

According to other publications (8) preceding this paper, the characterizations of these fibers are
well examined and the results were that these fibers have a density of 1.50 g/ml. Averous (6) had faced
the problem of fibers aggregates which led to heterogeneous fibers dispersion inside the composite itself.
They surmount it by sieving the fibers on a 1mm grid. Pulp paper fibers (PPF) were also used (6). These
fibers were obtained before the incorporation process.
B) Pea Hull fibers nano whiskers
Since the proclamation about using cellulose whiskers as natural fillers that can be used as a
reinforcement for different types of matrices (9); (10), most trends have shifted towards using these types
of natural fibers (11); (12); (13); (14). This big interest in using these types of fibers is stemming up from
18

the facts that we can obtain these fibers from natural renewable resources, widely available, possess good
mechanical properties, and have large specific surface area in case of nano whiskers. Some authors have
used pea hull fibers (food grade) with different lengths as a filler material for their composite (15).
C) Manila Hemp Fibers
Manila hemp fibers, ramie, bamboo fibers, banana fibers, cotton fibers, and jute fibers were also
among the types of natural fibers that some researchers used as filler materials for their composite
material (16).
D) Pineapple Leaf Fibers (PALF)
Wanjun (4) had used pineapple leaf fibers (PALF) as fillers in their preparation for a green composite
material. They have chosen these fibers for several reasons among them:


PALF has high degree of crystallinity and cellulose content (70-82%) which result in fair tensile
strength and modulus (400-1600 MPa) and (59 GPa), respectively.



Some LDPE, polyhydroxylbutyrate (PHB), polyester amide, rubber, and thermosetting polyester
based composites are already being prepared by using PALF as reinforcement.



Enough amounts of these fibers can be produced annually in regions like Southern USA since
they are being cultivated all over the above mentioned region.

In their study, (4) Wanjun’s group used these fibers with soy based bio-plastic to create a totally green
composite material.
3.1.3 Treatment of Natural Fibers
A) Treatment of Leaf wood fibers and Paper Pulp Fibers (PPF)
Leaf Wood Fibers were chemically treated by using the chemical fragmentation with ammonium
sulfite at a temperature of 175 C before use. Mechanical treatment in a refiner followed the chemical
treatment. PPF is obtained before entering the process of mixing with recycled paper and the process of
19

sheet forming. The preparation process of the PPF was conducted by washing the fibers with distilled
water and then pressed till the residual water content reached 30 %. Drying of fibers for 12 hours
followed the washing process. Then, the residual water content was measured again and found to be 3
wt% which indicates drastic decrease because of the drying stage. Grinding with hammer mill equipped
with 1mm grid was the final stage in the mechanical treatment of fibers. Image analysis was carried out to
determine the size of the fibers (Figure 3-2) (6).

Figure3-2: Pulp Paper Fibers (PPF), obtained by optical microscope. Scale = 100 µg (6)

As we can notice from Figure 3-2, leaf wood long fibers (LF) are more homogenous in length and
diameter wise than pulp paper fibers (PPF). Most of PPF possess the same shape ratio as that for (LF)
which is close to 45 (6).
B) Preparation of pea hull fibers nano whiskers
To prepare Pea Hull Fibers (PHF), Bondeson (17) has utilized the acid hydrolysis process. 30
grams of Pea hull fibers were mixed with 250 ml (65 wt %) of sulfuric acid solution and stirred briskly at
45 C. After a certain period of time, the mixture was partly neutralized with (40 wt %) of sodium
hydroxide aqueous solution and then discolored by the effect of sodium hypochlorite solution. This was
followed by washing the mixture with successive centrifugations using deionized water until neutrality
was attained (15). After that, the mixture was dialysed for 3 days and diluted by using deionized water to
obtain pea hull fibers nano whiskers (PHFNW) dispersion that have a nano whisker concentration of
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about 2 wt %. Because of the presence of the surface sulfate groups that were generated during the
treatment with sulfuric acid, PHFNW did not precipitate or flocculate (18). PHFNW were coded
according to the hydrolysis time alteration. PHFNW-t is the code for each hydrolysis time, in which t
means the dispersion hydrolysis time. For instance, PHFNW-8 means that the hydrolysis time for
PHFNW from PHF by using sulfuric acid was 8 hours.
C) Testing of Manila Hemp Fibers
Fibers were used as bundles with a diameter ranging from 100-200 µm (16). Using optical
microscope, the author was able to measure the diameter of the fibers and then work out the crosssectional area from it. To prevent fibers from handling damage, a paperboard was prepared and each fiber
was attached to the paper frame and fixed with glue. The fibers were air heated using an electric drying
furnace at different temperatures: 160 C, 180 C, and 200 C for different time intervals: 15, 30, 60, and
120 minutes respectively. Next, the frame was gripped by the testing machine on which the tensile test
was performed. Then, this frame was cut using a delicate heat metal wire along the line shown in Figure
3-3.

Figure3-3: Tensile specimen for Manila hemp fibers (16)
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3.1.4 Characterization of Natural Fibers
A) Mechanical Properties
I. Tensile Test
To measure the tensile strength of the fibers, a special testing method for fibers was applied by
Ochi (16). The strain rate used for this test was 0.04 mm/min. To get accurate readings, ten samples of
natural fibers were prepared and studied. To select the best natural fibers for the composite material,
tensile strength for Manila hemp, ramie, bamboo, banana, cotton, and jute fibers was measured (Figure 34) (16).

Figure3-4: Tensile strength of several natural fibers (16)

As we can see from Figure 3-4, Manila hemp fibers have the highest tensile strength value among
other natural fibers and that is why the author chose them as the fillers for his composite. Not only tensile
strength is the reason why he chose Manila hemp fibers, but because they have a relatively low growth
cycle ranges from 1-2 years and that is why these fibers are environmentally friendly and will not
contribute to deforestation.
Manila hemp fibers were heated at different temperatures and the tensile strength was measured
at each temperature (16). Figure 3-5 illustrates the effect of heating time on the tensile strength of the
fibers.
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Figure3-5: Relationship between tensile strength of Manila hemp fibers and heating time (16)

Without heating, the tensile strength for Manila hemp fibers is 702 MPa. At 200 C, the tensile strength of
these fibers decreases with increasing the heating time. At 180 C and with 30 minutes of heating, the
fibers tensile strength was similar to that of non heated fibers. The tensile strength of Manila hemp fibers
remained the same even after increasing the heating time at 160 C. As a result, the maximum temperature
for processing Manila hemp fibers is 160 C and should not be exceeded as it will lead to decreasing the
tensile strength because of the anticipated thermal degradation.
B) Scanning Electron Microscopy and Atomic Force Microscopy Analysis
Scanning electron microscope (SEM) was used to analyze the morphology of the pea hull fibers
(PHF) and pea hull fibers nano whiskers (PHFNW). First, dried pea hull fibers were coated with gold.
SEM accelerating voltage was set to 10 KV to scrutinize the PHF. Atomic force microscopy (AFM) was
used to examine the morphology of the PHFNW-t powders. To prepare the samples for AFM analysis, 30
µl of aqueous PHFNW-t solution (0.001 wt %) were poured on poly-L-lysine coated mica and nurtured
for 1-2 minutes, then washed with Millipore water and dried with nitrogen. After this treatment, the
samples were kept in covered Petri dishes till the measurements were conducted (within 12 hours of
sample preparation) (15). Measurements were done at ambient conditions and the instrument was
mounted in a vibration isolation system. With the use of AFM Pico Scan V5.3 software, they were able to
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obtain the length (L), diameter (D) (by measuring the height of the nano whiskers), and L/D ratio. Length
(L), diameter (D), and L/D ratios are listed in the Table 3-2.
Table3-2: Codes for nano-whiskers hydrolyzed from PHF by sulfuric acid with different hydrolysis times (t), and their length (L),
diameter (D) and average axial ratio of length and diameter (L/D) measured by AFM. (15)

AFM images of PHF reveals that this type of fibers have irregular size and shape while PHFNW-t have a
needle like shape (Figure 3-6).

Figure3-6: SEM photograph of PHF (A) and AFM photographs of PHFNW-4 (B), PHFNW-8 (C), PHFNW-12 (D), PHFNW-16 (E) and
PHFNW-24 (F). Scales are shown on photographs. (15)

The average L/D ratio for PHFNW-t was less than that of the PHF. Length and diameter values changed
from 400-240nm, 12-7nm, respectively with increasing hydrolysis time (t) from 4-24 hours. The L/D
value for PHF was much lower than that of PHFNW and that for PHFNW-t varied faintly (not more than
11%) with increasing t (15).
Essentially, the highest L/D value (36.00) was gained when the hydrolysis time was set to 8 hours
(PHFNW-8).
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3.2 Natural Matrices
3.2.1 Overview
The need for new environmental benign matrices has become a real demand recently because of
the ongoing environmental degradation which is partly affected by the oil based matrices, the depletion of
fossil fuel from which most polymers are made, the high processing cost of traditional polymeric
matrices, and the non renewable resources of the traditional polymers. Different materials have been
suggested to replace the non-biodegradable resources and starch is one of the best alternatives. Natural
starch is one of the promising materials that can be modified with different plasticizers to be used as a
biodegradable thermoplastic matrix. Different plasticizers were used with starch to give the optimum
properties of the matrix that would be close to those of traditional matrices. Additionally, different
processing techniques were implemented depending on the type of starch, amylopectin and amylose
content, granules size, plasticization and gelatinization temperature, and finally water and moisture
uptake. Different starch compositions with different glycerol, water and other plasticizers contents were
examined by different scientists.
3.2.2 Preparation of Natural Matrices
A) Potato Starch
Stepto, (19), has found that by heating closed polymers volumes in the presence of a certain
amount of water for a certain period of time, homogenous liquids may be obtained. These melts can be
converted to thermoplastics by processing it using injection molding and extrusion. In the case of
thermoplastics processing, and at room temperature, the hydrophilic phenomena of polymers-water
mixtures start. To allow the formation of homogeneous melts, temperature should be raised significantly
to promote disarraying of supra-molecular structures. This temperature is correlated with the amount of
water (water content).
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B) Potato Starch and Potato Dry-Matter
Liu and two other researchers have examined the effect of moisture content of potato starch-water
and potato dry matter systems (20). Differential scanning calorimetry was used to conduct the thermal
analysis.
Suspensions of potato dry matter and potato starch were prepared by adding deionized water to
weighed samples of both potato starch and dry matter. Before performing the heating process using DSC,
pans containing samples were sealed and left for a period between 12 and 48 hours at 25 C. After been
equilibrated, samples were heated from 5 C to 180 C at a heating rate of 10 C/min. Samples weights were
recorded to measure the moisture content and found to be ranging from 20 – 60 mg. They were divided
according to their moisture content. 70 % moisture was used as the reference. For samples with moisture
content less than 70 %, the ideal sample size ranged between 15 and 25 mg, whereas for samples with
moisture content more than 70 %, the typical mass ranged between 30 and 60 mg (20).
C) Corn, Waxy Corn, Wheat, and Potato Starches.
Hulleman (21) examined the role of water on the plasticization process of different types of
starches. He used potato, corn, wheat, and waxy corn starches in his study.
Different types of blends were prepared from different types of starches using the same
technique. First, potato, wheat, corn, waxy corn starches were weighed and their initial weights were
recorded. Then, these starches were dried at 45 C for 4 minutes using an infrared dryer and the weights
were measured again. After measuring the weight loss, starches were mixed with glycerol for 20 minutes
in a ratio of 100:30 (w/w) and equilibrated for 24 hours. Afterwards, specific amounts of water were
added to this mixture and stirred for 5 minutes. Again, samples were left for 24 hours before use for
equilibration purposes. The value of water content (W) was measured by calculating the water content
before and after adding the water to the mixture by using Equation 1:
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(1)
Compression molded bars were produced by pouring Forty five grams of the mixture in a mold with a
cross sectional area of 300 X 350 mm and covering them with PET foil. The dimensions of the specimen
to be obtained were (100l X 150w X 2t). Then, the mold was placed in a hydraulic press and pressed at 34 tons of initial pressure and heated at heating rate of 10 C/minute until the temperature reached 100 C.
Once the temperature reached 100 C, the pressure was increased to reach 40 tons and the temperature was
increased as well at the same heating rate (10 C/minute) until it reached 160 C and kept for 5 minutes.
Then, cooling to room temperature at a rate of (10-15 C/minute) was performed and samples were
released from the mold and immersed in liquid nitrogen to examine the crystal structure. After immersing
in liquid nitrogen, samples were left at 20 C and 50% RH for 12-14 days for equilibration (21).
D) Extruded Potato Starch Sheets
Since glycerol and water content have a substantial effect on extruded starch properties and
structure during the aging process, Van Soest (22) and his colleague Knooren have studied how the
amount of these two elements influences the properties of starch and what were their optimum ratios for
getting the desired set of properties. Van Soest (22) had chosen potato starch for his research.
Glycerol was added to starch and mixed after adding water {Starch (PN): Glycerol (G): Water
(W)} to obtain the following ratios, 100S:26G: 17W, 100S:25G: 22W, 100S:39G: 22W, 100S:41G: 16W
which are corresponding to the following percentages, 70:18:12, 68:17:15, 61:25:14, 64:26:10 %,
respectively. For the ease of differentiating between them all, they were denoted according to the
glycerol-water ratios as follows: PN26G17W, PN25G22W, PN39G22W, and PN41G16W. Then, starchglycerol-water blends were fed manually with a constant throughput into the extruder. Extrusion
parameters were set according to the composition of the blends, i.e. the torque was 60 for PN26G17W, 56
for PN25G22W, 33 for PN39G22W, and 25 for PN41G16W blend. Extruder rpm was 55 and
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temperatures from feed zone to die were set to 90, 150, 130, 90-100 C. Blend temperature in zone two
was ranging between 150 C and 160 C. In order to avoid blend boiling and get bubble free product from
the extruder, die temperature was maintained below 100 C (22).
3.2.3 Factors Affecting Properties of Plasticized Starches
A) Aging
Since Van Soest (22) and his colleagues focused on the effect of glycerol and water content on
the different properties of extruded potato starch samples, they concluded several facts that would help in
further researches and experiments dealing with potato starch in particular. Some of their conclusions are
as follow:


Starch crystallinity is dependable on both, initial plasticizer content and water content changes
during storage (aging).



Some materials were gel-like directly after the extrusion process. After one week of aging, their
strength and stiffness had increased.



Entangled starch matrix formation as well as starch chain-chain associations which are related to
the amount of plasticizer are greatly affecting the changes in materials properties.



It is difficult to obtain a rubbery product manufactured of starch due to the fast alteration of
properties with time (aging). Aging process should be controlled on a short and long term bases
in order to acquire the desired properties of the material.

B) Water Content
Stepto (19) has found that for potato starch, water content higher than 14% will lead to shrinkage
as well as distortion as the equilibrium amount of water is consummated after molding. When lower water
content is used, both thermal degradation and swelling will occur after molding. Also, he concluded that
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water has a plasticizing effect on starch and the alteration in characterizations associated with a decrease
in water content are harmonious with the lack of free water.
Their results also showed that the mechanical properties of the blends were highly affected by
starch type and water content (W).
C) Moisture Content and Heating Time
Liu and his group (20) found that the moisture content and heating have a tremendous effect on
the properties of potato dry matter. Water content plays a vital factor in changing the starch behavior upon
heating. Also, they noticed that the effect of moisture content on the isolated starch system is much higher
than that on the retrogradation of starch for potato dry matter systems. One of their important findings is
the effect of other elements existing in potato dry matter such as (amino acids, sugar, acids and salts) and
how they contribute in altering the mechanism in which starch operate during heating and changing
moisture and water content.
A severe odor was smelled when the potato dry matter was heated above 150 C at moisture contents of
<50%. When moisture content increased above 50%, brown color was turned into black for samples with
and without exothermic transition. When the moisture content was lower than 50% and the temperature
was 120 C, no discoloration and no black color was observed which prove that the color change is
correlated with high temperature values. This color changes appeared only in starch dry matter and no
such alterations was observed in the case of potato starch (20).
3.2.4 Characterization of Natural Matrices
A) Mechanical Properties
I.

Corn, Waxy Corn, Wheat, and Potato Starches.
Mechanical testing was performed to calculate the tensile strength and strain at break (ε b) for the

produced tensile bars of different types of starches.
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Results showed that the mechanical properties of the blends were highly affected by starch type and water
content (W). It is clear from Figure 3-7 that there is a noticeable difference between the behaviors of
different starches. Starch-Glycerol-water ratio for the samples used were (100:30:18-21) respectively
(21).

Figure3-7: Stress-Strain curves of potato, corn, wheat and waxy corn starches compression moulded materials at W=20. (21)

All starch types (potato, corn, wheat, and waxy corn) showed almost the same visco-elastic behavior (21).
Strain at break (εb) values were relatively high while stress at break (σb) and E- modulus values were low
The effect of water content on stress and strain at break (εb and σb) was also measured, (Figure 3-8).
Hulleman and the other researchers in this research found that changing water content in the mixture
resulted in noticeable alteration in both stress and strain values (21).
Strain at break increased for all starch types with increasing water content then went down. The highest
(εb) value for potato starch was at 30-35 water content (W) while for other starches the highest (εb) value
was at W=20-25 (21).
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Figure3-8: Strain at break (εb) and nominal stress at break (σb) versus water content during compression moulding (W) for potato, corn,
wheat and waxy corn starch. Where no error bars are given, the standard deviation is smaller than the marker used. For clarity, no
smaller markers were used. (21)

Same trend was observed for (σb) for potato starch, which is an increase in (σb) with increasing
water content. For the other 3 types of starch, corn, wheat and waxy corn, the nominal (σb) shows that
there is no change in its values while in fact true (σb) increased with increasing water content from 10-25.
This discrepancy between what showed in Figure 3-8 and real values is a result of the contraction that
occurred in the tested area during elongation and thus those values of (σb) obtained for potato starch are
lower than the true (σb) values (21).
E-modulus for all types of starches used in this research showed no significant changes with
changing water content. E-modulus values for corn, potato, waxy corn, and wheat were 20-25 MPa (± 3),
80-120 MPa (± 10), 2-4 MPa (± 1), and 12-20 MPa (± 3) respectively (21).
It was observed that a change from the rubbery to the glassy state for 30% glycerol starch system
happened at a water content of nearly 9% and 20 C. When water content (W) exceeds 30-35 in the case of
potato starch, elongation at break (εb) decreases. B-type crystallinity (the type of crystallinity in which the
affinity to water is higher than other types of crystallinity since it contains more sites for water molecules
to be settled in) is responsible for increasing stress at break (σb) and stiffness but decrease (εb) in these
types of starch. It was concluded that amylose and amylopectin (the main constituents of starch) and their
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ability to form entangled or chain-associated systems have a tremendous effect on changing the
mechanical properties of starch at various water contents and temperatures (21).
II.

Extruded Potato Starch Sheets
According to the mechanical tests results conducted on potato starch sheets mentioned previously

in section 3.2.2 (D), stress strain diagrams of the tested materials were obtained and the values were
recorded. Patterns obtained were similar to those of rubbery starches (22). As we can see from Figure 3-9,
there is a linear pattern for the material after 1 day of storage (aging).

Figure3-9: Typical load-strain curves of the starch materials (PN25G22W) during aging (1 day of aging) (22)

For the PN26G17W and PN25G22W, and at a water content of 10-12%, a ductile zone as well as yield
point appeared after which plastic deformation happened and strain increased while stress decreased
(stress softening) (22). No yielding appeared for material with higher glycerol content (PN41G16W and
PN39G17W).
Tensile stress was also affected by the amount of existing water (22). This effect was observed for
materials that were above their transition temperature (PN26G17W). For those materials which had water
content of nearly 12% and 25-26% of glycerol content, they behaved in a brittle manner and were glassy.
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Van Soest and Knooren (22) concluded that the amount of plasticizer has no mentionable effect on the
tensile stress of the material in comparison with its effect on the E-modulus. Additionally, they also
concluded that water is a more efficient plasticizer than glycerol.
B) Polarized Light Microscopy Results
I. Potato, Corn, Wheat, and Waxy Corn Starches
Polarized light microscopy imaging was performed on the samples described previously in
section 3.2.2 (C) to examine the morphology of the produced sheets (21). Properties and behavior of
potato starch is shown in the polarized light microscopy resulting images, (Figure 3-10).

Figure 3-10: Morphology of compression moulded potato starch at (A) W= 11.2; (B) W= 18.3; (C) W=25.9; and (D) W=40.0, as observed
with crossed Polaroids. The bar corresponds to 50 μm. (21)

It was observed that at low water content (W), there was not enough intergranular association to allow full
wetting of granules upon immersing in water. When water content (W) was increased, potato starch bars
remained undamaged although swelling was observed. The whole water amount is included within the
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granules themselves. So, there is no interstitial water existing before the compression molding and when
the samples were compression molded, no mentionable swelling occurs (21).
II. Extruded Potato Starch Sheets
To get an in-depth examination of the material’s morphology, samples were sliced and examined
under the polarized light microscopy (22).
Polarized Light Microscopy images revealed that the examined samples have a few amount of granular
birefringence and non-birefringence structure. Since the sheets produced from the extruder were
translucent, Van Soest (22) assumed that materials processing has resulted in destroying its granular
structure. High extrusion temperature had negatively affected the granules and made them rend apart and
melt.
C) X-ray Diffractometry
I. Extruded Potato Starch Sheets
(22) X-ray microscopy was performed to examine the type of crystallinity that exists in the
material (B-type, E-type).
Figure 3-11 shows the diffractograms of quenched extruded potato starch sheets. For higher water content
(22%), the materials were amorphous and no crystallinity was observed. Samples with low water amount
(PN41G16W and PN26G17W) have recrystallized amylose with E-type crystallinity which is one of
glycerol containing starch plastics. This structure is common in starch plastics containing some amount of
glycerol (22).
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Figure3-11: X-ray diffractograms of the sheets after 1 day of aging. From the top to bottom are shown the materials denoted as
PN41G16W, PN26G17W, PN39G22W, and PN25G22W. (22)

II. Potato, Corn, Wheat, and Waxy Corn Starches
Diffractograms for the 4 types of starches (potato, corn, wheat, and waxy corn) are shown in
Figure 3-12. Native wheat and corn starch diffractograms showed a slight amount of VH type crystallinity
(identified by a weak peak at 2Ѳ of 20.06 ). This type of crystallinity appeared in native wheat and corn
starch only since they contain small amounts of lysophospholipids and fatty acids with which amylose
can crystallize and form VH type crystallinity. This type of crystallinity was slightly decreased when the
water content (W) increased (21). Furthermore, small amount of B-type crystallinity was noticed in
potato, wheat, and corn starch whilst quenched potato and corn starch samples showed neither A or Btype crystallinity. Waxy corn starch showed an amorphous structure because of the lack of amylose or
amylopectin short outer chains that led to low degree of recrystallization (21).
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Figure3-12: Diffractograms of compression moulded starches from different sources. The starches were compression moulded at W= 20.
(21)

3.3 Natural Composites
3.3.1 Natural Composites Preparation Methods
A) Natural Composite Based on Plasticized Corn Starch Reinforced with Winceyette Fibers
Xiaofei Ma. with the cooperation of other researchers (23), have used corn starch with a moisture
content of 11% for preparing a natural composite material. Winceyette fibers with 12 mm long were used
as fillers. Three types of plasticizers i.e. glycerol, urea, and formamide were used. Corn starch, glycerol,
and winceyette fibers were all mixed together at 3000 rpm for 2 minutes using a high speed mixer and
then kept overnight. Starch-glycerol ratio was 100:30 (wt/wt). Above mentioned mixing step was
applicable only when one plasticizer, which is glycerol, was used. When more plasticizers (formamide
and urea) were used, another step followed the mixing stage which is feeding the blend into a single
extruder operated at 20rpm. The extruder was equipped with four heating zones, three feed zones and one
die. Temperature was set to 120, 130, 130, 110 C, from zone one to the die, respectively.
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B) Natural Composite Based on Plasticized Rice Starch
Rice starch was among the types of starch used for preparing natural composite materials (24).
Prachayawarakorn, and another two researchers, Sangnitidej and, Boonoasith have used rice starch with
11.5%-13% moisture content and 83 wt% of amylopectin as well as 17 wt% of amylose as a the base
matrix material for their composite. Glycerol was used as a plasticizer and stearic acid as a processing aid.
They used cotton fibers with 500:1 aspect ratio as a reinforcing material. Low density polyethylene
(LDPE, LD1905F) was among the additives used. Two types of compatibilisers, VTMS (A-171) and
MAPE (MB 100D), were added to the blend as well.
Samples were prepared by mixing rice starch and glycerol in polyethylene bags with a ratio of 1:1 and
stored overnight (24). 2 wt% of stearic acid was added to the samples in order to get a homogeneous
blend, the melt was blended in a high speed mixer at 170 C for 5 minutes at a speed of 40 rpm. Afterward,
samples were hot pressed at 170 C into 2 mm thick samples.
Filler material which is cotton fibers, were added to the blend at different amounts, i.e. 5 wt%, 10 wt%
and 15 wt%.
3.3.2 Conditioning of Test Samples


Natural Composite Based on Plasticized Corn Starch Reinforced with Winceyette Fibers
Specimens were stored at 20 C in a closed chamber for 5 or 10 days (23). Humidity was

controlled by using different aqueous solutions. Dried silica gel, MgCl2 saturated solution, substantive
35.64% CaCl2, NaCl saturated solution, and distilled water were used to obtain humidity (RH %) of 0%,
33%, 50%, 75%, and 100% respectively. X-ray samples were stored at a relative humidity of 50% and
tested after a few days.
For water uptake, small TPS pieces were dried at 105 C overnight and water contents were measured.
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Mechanical testing samples were obtained by cutting and pressing the extruded strips into 8 cm in
diameter and 3 mm in size discs.
Scanning Electron Microscope (SEM) was used to examine the microstructure of the fractured samples.
Samples were cooled using liquid nitrogen and then fractured. Fracture surface was coated under vacuum
with gold.
3.3.3 Characterization of Prepared Composite Material
A) Mechanical Testing


Natural Composite Based on Plasticized Corn Starch Reinforced with Winceyette Fibers
Figure 3-13 shows the stress-strain behavior of thermoplastic composites containing different

amounts of fibers. It was observed that the patterns obtained from the stress-strain diagram are identical to
those of rubbery starch materials (23). It is obvious from Figure 3-13 that with increasing fiber content
curves moved towards higher stress values and the strain% was reduced.

Figure3-13: The effect of the fiber contents on the stress-strain curves of TPS (23).
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Xiaofei (23) has done a comparison between the various properties he obtained from the
mechanical testing, Figure 3-14. He compared between Young’s modulus, elongation at break, tensile
strength, and energy break for composite reinforced with different fiber contents versus pure matrices.

Figure3-14: The effect of the fiber contents on the mechanical properties of TPS. (23)

As can be seen from Figure 3-14, with increasing fiber content, tensile strength increased from 5
MPa to approximately 15.16 MPa while elongation at break decreased from 105% to nearly 19%. Energy
break Figure 3-14 (b), which is the area under the curve (toughness), had almost the same manner
introduced by the elongation shown in Figure 3-14 (a). Young’s modulus behavior was almost identical to
that of tensile strength (23).
B) Scanning Electron Microscopy
I- Natural Composite Based on Plasticized Rice Starch
For morphology, SEM was used to examine the microstructure of TPRS alone and after adding
both the fibers and LDPE (24). Samples were steeped in liquid nitrogen and fractured. Then, fracture
surface was coated with gold and SEM imaging was conducted.
Due to the fact that examining the microstructure of the material will determine its properties,
SEM imaging was an essential step for examining the specimen’s fracture surface (24). As it can be seen
from Figure 3-15 (a), TPRS plasticized with glycerol shows a rough surface. On the other hand, Figure 339

15 (b) shows the same matrix (TPRS) plasticized with glycerol and contains cotton fibers enclosed in and
wetted with the TPRS matrix.

Figure3-15: SEM micrographs of (a) TPRS (b) TPRS/cotton fibers. (24)

II- Natural Composite Based on Plasticized Corn Starch Reinforced with Winceyette Fibers
SEM images of fractured reinforced TPS samples were recorded at 500X in order to canvas fibers
dispersion within the matrix. As it can be seen from Figure 3-16, fibers breakage is obvious which give us
strong evidence on good interaction between the fibers and the matrix (23).
In Figure 3-16 (c and d), there are some starch agglomerates (pointed by the arrows). No such
agglomerates can be seen in Figure 3-16 (a and b) which contains less amount of fibers (5% and 10%).
These agglomerates are a result of increased fiber content within the composite which had a negative
effect on starch uniform dispersion during composite processing. Using the same starch-glycerol ratio,
5% & 10 % fiber composites showed no such agglomerations because there was sufficient dispersion of
starch during composite processing.
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Figure3-16: SEM micrographs at 500X magnification of fragile fractured surface of TPS filled with different fiber contents, (a) 5% Fiber
contents. (b) 10% fiber contents, (c) 15% fiber contents, and (d) 20% fiber contents. (23)

3.3.4 Effect of Fiber Contents on the Mechanical and Thermal Properties of the Composite
A) Natural Composite Based on Plasticized Corn Starch Reinforced with Winceyette Fibers
Xiaofei’s group (23) reached several conclusions, among them:


Introducing winceyette fibers could enhance tensile strength, thermal stability, and water
resistance.



Reinforcing effect had no mentionable effect at water contents >25%.



All composite properties were based on a corn starch-plasticizer ratio of 100:30. Fiber content of
<15% in this system introduced an easy and well processed composite.
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B) Natural Composite Based on Plasticized Rice Starch
Prachayawarakorn (24) found that composites reinforced with 5 and 10% cotton fibers introduced
better tensile strength and Young’s modulus properties than those reinforced with 5 or 10% LDPE which
make it clear that cotton fibers are more effective reinforcement for TPRS matrix than LDPE.
When cotton fibers were added to the TPRS matrix, a decrease in the decomposition temperature
(Td) was observed. Td for TPRS-5% cotton fibers was 305 C and that for TPRS-10% cotton fibers was
303 C. Also, Td for cotton fibers appeared to be between 398 C and 408 C. Weight loss experienced a
decrease when cotton fibers were incorporated with rice starch matrix. Weight loss declined from 52.2%
for TPRS to reach values of 31.7% for TPRS reinforced with 5% cotton fibers and 28% for rice starch
with 10% cotton fibers. This gave clear evidence that the addition of cotton fibers has resulted in
improving the thermal stability of the material because of the strong adhesion between cotton fibers and
rice starch matrix.
The results for tensile testing were divided according to the type of materials added to the TPRS
(24). First, tensile properties for pure rice starch matrix was measured and recorded. Tensile strength for
pure TPS was 0.3 MPa. After adding 10% cotton fibers, strength values almost doubled. Moreover, when
15% of fibers were added to the matrix, tensile strength values were decreased. It was concluded that 10%
of fibers promoted a good cohesion between the matrix and the fibers as well as the good dispersion of
fibers within the matrix. On the other hand, when fiber content was increased to 15%, poor cohesion
between the matrix and the fibers was presented due to the uneven dispersion or wetability of fibers inside
the TPRS matrix as well as matrix discontinuity due to high fiber content.
Prachayawarakorn’s (24) group concluded that TPRS samples reinforced with cotton fibers and
LDPE showed better mechanical properties and less amount of water absorption. SEM images (Figure 16)
revealed a good adhesion between the matrix and cotton fibers as well as good wetting of fibers with the
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surrounding matrix. The best mechanical, water uptake, thermal, and biodegradability properties were
gained from TPRS reinforced with 10% cotton fibers.
C) Green composites based on pineapple leaf fibers
Adding fibers to the composite resulted in decreased viscosity and increased elasticity which
reduced the amount of energy utilized to surmount frictional forces took place between molecular chains
in order to lessen the mechanical loss. In one of their observations (4) they have noticed that 15% of
fibers were not dispersed well and they were separated while with 30% of fibers there were aggregates
and fibers were well dispersed within the matrix. Besides, as the aspect ratio of the fibers increase, its
efficiency as reinforcement is enhanced (4).
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Chapter 4

Materials and Methodology
4.1 Materials:
4.1.1 Matrix:
Soluble potato starch (C6H10O5) n in a powder form was purchased from Mecca for General
Trading Company, Cairo, Egypt. The biggest grain size was 56 μm in diameter and the smallest one was
8.766 μm in diameter (Figure 4-1).

Figure4-1: SEM Image for as received potato starch powder showing grain sizes

4.1.2 Reinforcement:
Fibers obtained from date palm trees fruit bearing branches were used after treatment as will be
discussed later.
4.1.3 Additives:
Glycerol (99.5% purity) in a liquid form was used as a plasticizer for starch, provided by Mecca
for general trading Company, Cairo, Egypt. Distilled water was added to starch as a solvent.
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4.2 Trials
The composite was prepared by trying different compositions of starch, glycerol, water and DPFs
as well as different processing methods.
First, 10gm of starch were manually mixed with 6ml of glycerol, 2ml of water, and 0.9 gm of
untreated DPFs (starch:glycerol:water ratio was 10:60:20) (all weights are calculated from the original
weight of starch powder). This mixture was poured in Aluminum molds and placed between the hydraulic
press (Figure 4-12) for 30mins under a load of 2 tons and a temperature of 100 C. Then, starch weight of
8 gm was used with the same glycerol and water weights (6ml and 2ml, respectively) but DPFs weight
was lower than the previous trial (0.8gm). Same processing conditions were applied in the second trial. In
the third trial, the furnace was used after the pressing process to allow hot mixing of the composite
constituents together (furnace temperature was fixed to 100 C and samples were kepy inside the furnace
for 60mins after pressing). In the last trial starch, glycerol, water, and DPFs compositions were changed
to (10gm, 8ml, 1ml, and 1.5gm, respectively). The above mentioned trials did not give satisfactory
results.
Then, and after further readings of previous work that was done in the same trend, it was found
that heating of the composite constituents after mixing is one of the essential steps in the composite
preparation method. Thus, the mixture was heated to 100 C on various time intervals (10, 15, 20, 25, and
30 min) until the best heating time was reached. Different compositions for starch, glycerol, water, and
DFPs (S8 gm, G4.8ml, W0.5ml, DPFs1.6gm; S10 gm, G6ml, W0.5ml, DPFs2 gm; S48 gm, G14.4ml,
W5.67ml, DPFs2.4gm) were used with these processing conditions. The latter was the best composition
obtained from all the above mentioned trials and it was used in this research to prepare Plasticized Potato
Starch/DPFs based composite.
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4.3 Composite Preparation Procedure:
4.3.1 Matrix preparation:
A) Materials handling
First, 50 grams of potato starch weighed dry using Mirage (EW-120 SG) balance (Figure 4-2).
All handling processes were done in ambient atmosphere.

Figure4-2: Mirage (EW-120SG) scale used for the weighing process

B) Mixing of Starch with additives
Glycerol was added to starch powder with a weight ratio of 10:3 (starch: glycerol) and manually
stirred for 5 minutes until full wetting of starch in glycerol happened. Above mentioned ratio was
obtained experimentally. Water with a weight percentage of 12 % of starch initial weight was added to
starch-glycerol blend and mixed manually for a few minutes. Then, this blend was left for 10 minutes
until a dry mix of starch-glycerol and water was obtained. Weight was converted to volume by using
Equation 2:

(2)
Where Vf is the fibers volume fraction. ρm, ρf are the density of the matrix and DPFs, respectively.
Wm and Wf are the weights of the matrix and DPFs, respectively.
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4.3.2 Fibers preparation:
Fibers from branches carrying the dates in palm trees were cut into 30-40 cm long parcels. These
fibers are bound together by a matrix in nature and in order to separate them we have to treat them to
remove the matrix from the fibers surface. These fibers were cut with regular scissors into (10 cm) long
parcels (Figure 4-3) and immersed in water for 3 to 5 hours in order to ensure complete and thorough
wetting of the fibers which will make the separation process easier. Manual separation of fibers (Figure 44) followed by further cutting of fibers to (0.5-1cm) long (Figure 4-5) was carried out.

Scale 100 mm

Figure4-3: Parcels of date palm fibers (30 cm long)

Scale 100 mm

Figure 4-4: Manually separated date palm fibers
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Scale 100 mm

Figure 4-5: Fibers (0.5-1cm) long (prepared for chemical treatment)

A) Chemical Treatment:
Chemical treatment is necessary in order to detach the plant’s matrix from the fibers surfaces. 5%
NaOH solution was prepared. Nearly 15 grams of fibers were weighed and drenched in NaOH solution
with continuous stirring under heat. Once the mixture temperature reached 90 C, it was maintained at this
temperature for 2 hours while being stirred. For safety purposes, the mixture was fully covered with
Aluminum foil provided with a small hole for the thermocouple probe to be used for measuring the
mixture temperature constantly.
Fibers are then washed thoroughly with water to ensure that the fibers surfaces is NaOH free and to
prepare the chemically treated fibers for mechanical treatment.
B) Mechanical Treatment
Mechanical treatment is the next step in the fiber preparation process. 37 grams of fibers were
weighed wet and placed in a Panasonic blender with 1 liter of water. Blending process is divided into two
steps:
1-

15 seconds low speed, 45 seconds on high speed.

After finishing the first step, fibers were placed on a 1 mm grid sieve and washed thoroughly with water
to remove impurities.
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2-

20 seconds low speed and 40 seconds high speed. Then fibers were placed on a 1 mm grid sieve

and washed thoroughly with water.
Fibers were placed on an A3 paper and dried in the furnace at 100 C for 6-8 hours. After drying, fibers
were separated into small agglomerates by mixing them in a coffee mill (Figure 4-6 and 4-7) and put on a
1 mm grid sieve.

Figure 4-6: Separating dried fiber agglomerates with a mill

Scale 10 mm

Figure 4-7: Fibers after mixing in the mill

The sieve was placed on a shaker and operated at high speed for 15 minutes in order to remove plant’s
matrix from the fibers (Figure 4-8).
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Figure 4-8: Sieving process of dried fibers

After completing the fibers final sieving process, fibers are mixed again in the coffee mill to obtain single
fibers so we can add them to the matrix and prepare the composite material (Figure 4-9).

Scale 5 mm

Figure 4-9: Fibers ready for composite preparation

C) Fibers testing method
Maximum tensile strength of fibers was measured by testing fibers under tension load. Special
preparation of fibers was required in order to make the tensile measurements possible. Individual fibers
were obtained manually from date palm fibers parcels. Fibers were cut into 45 mm long and attached on a
U-shaped paper frame with glue (Figure 4-10) using the same procedure followed by Ochi (16). Then the
paper frame was placed between the grips of the Instron testing machine and the paper was cut along the
dashed line indicated by the arrow in Figure 4-10 (16). Tensile test results were calculated for 4 replicates
and the average of them was considered.
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Figure 4-10: Tensile specimen for fibers. (16)

4.3.3 Composite Preparation
Mixing of matrix and fibers was done on two stages. First, a Panasonic coffee mill was used for
blending starch-glycerol-water together and to separate large agglomerates into small powder granules.
The blend was mixed on 2 speeds, 2 minutes low speed and 2 minutes high speed. Then, fibers with
different volume fractions (3.5%, 6.9%, 10%, 12.9%, 15.6%, 18.1%, and 22.8%) were added gradually to
the blend and mixed using the Panasonic coffee mill on low speed for 6 minutes divided into three
intervals 2 minutes each to avoid heating of the mill blades which will negatively affect the mixture
processing method. The obtained mixture was poured in a 500 ml beaker and placed on a
magneticSYBRON/Thermolyne type 1000 stir plate.
The blend was stirred again using FISHER Stedi-Speed adjustable stirrer model 12 at low speed for 10
minutes to promote good mixing between the fibers and the matrix itself. Temperature was measured
continuously using thermocouples.
After the blend temperature reached 65 C, it was kept at this temperature for 10 minutes. Next, the blend
was placed into (150 X 150 X 6 mm) wooden mold (Figure 4-11). The grooves of the mold were covered
with parchment paper in order to make the demoulding process easier.
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Scale 50 mm

Figure 4-11: Wooden molds used for preparing the composite

The mold was placed between the plates of a Carver Hydraulic Heated Press (Figure 4-12) and heated
gradually to 115 C without pressure. Once the temperature reached 115 C, the material was kept at this
temperature for 20 minutes. After that, 2 tons of load which is equivalent to nearly 3MPa were applied for
2 hours and the temperature fixed at 115 C. These conditions were obtained experimentally.

Figure 4-12: Carver Hydraulic Press

4.3.4

Cutting Process

Rectangular bars (100 X 35 X 6 mm) in dimensions were obtained from the molds (Figure 4-13).
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Scale 25 mm

Figure 4-13: Sample obtained from the wooden mold

To prepare the obtained samples for testing (tensile and bending tests), they were laser cut using
Universal Laser Systems machine model M-300 equipped with 20 watt laser power to meet the standard
dimensions for test samples (100 X 10 X 6mm). Laser beam power was set to 90.4 % and the speed at
which the nozzle moves was maintained at 10% (Figure 4-14).

Figure 4-14: Laser cutting machine used for preparing test samples
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4.4 Characterization
4.4.1 Mechanical Properties
A) Tensile Test
Tensile strength as well as tensile strain for both the composite and the matrix were measured using

Instron - Bluehill Lite testing apparatus (Figure 4-15) (results for both stress and strain were obtained
from the machine readings). Tensile tests were conducted at room temperature using a cross head
speed of 10mm/min. The total length of each specimen was 100mm and the gauge length was 20mm
according to ASTM standards (D5083 – 10). Samples width was 10 mm and their thickness was 6
mm. The average value of three replicates for each specimen was taken. Young’s modulus was also
calculated from the slope of the obtained tensile test curves.

Figure4-15: Tensile test for a matrix sample

B) Bending Test (3-Points Flexural Test)
Flexural stress and strain for the composite and the matrix were determined using 3-point flexural
test fixture (Figure 4-16) with a span length of 50 mm and cross head speed of 1 mm/min. Three identical
specimens were tested and their average value was calculated. Each sample has dimensions of (100 X 10
X 6 mm). Tests were done under ambient conditions.
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Figure4-16:3-Point Bending Fixture

4.4.2 X-Ray Diffraction (XRD)
Samples were immersed in liquid nitrogen to make them brittle and easy to be ground into
powder for XRD test. X-Ray Diffractometry analysis was done in order to determine the crystalline
structure of starch powder alone and the changes which happened after adding glycerol and also after
adding different percentages of fibers and how these percentages have affected the crystalline structure of
the composite. X-Ray Diffractometry was done using Philips Analytical Powder Diffractometer machine
model XPERT at 30 mA and 40 kV. Test was done at room temperature. Test parameters were set to:
λ CU = 1.54056 A (K-Alpha wavelength)
Step size = 0.05
Angle range = 4.0 _ 40
Time per step = 4 seconds
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4.4.3 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy was done for starch powder, plasticized starch
(starch+glycerol+water), and composite with different fiber contents (3.5%, 6.9%, 10%, 12.9%, 15.6%,
18.1%, 22.8%) in order to determine the fracture behavior of the material on the micro scale. For native
starch, the powder was dispersed over the carbon tape and then SEM analysis was conducted. Samples
were cut into shorter portions in order to minimize the vacuuming time. Fractured tensile and bending
tests samples (2 samples for each test) were examined. Images were recorded without applying carbon
tape or gold sputtering on the samples. SEM images were taken using SE2 detector with a beam voltage
of 12.00 kV and the working distance was 14mm. Average of four photos at different magnifications
(200X, 300X, 500X, 1000X, and 2000X) for each sample were captured.
4.4.4 Electrical Resistivity
One of the observations noticed during SEM analysis is that the samples were observed without
sputtering gold on them nor applying carbon tape which means that there is a kind of electrical property in
the material, thus, electrical resistivity was measured for all samples starting with the matrix and ending
with the highest DPFs composition in the composite (22.8% fibers). Electrical conductivity was measured
by using GenRad DIGIBRIDGE device model 1657 RLC. A sample from each composition was tested.
Two lines were drawn with silver paste and the electrical conductivity between them was measured using
two probe method. Silver paste was used to avoid the problem of precipitated water vapor on the surface
of the samples which will result in inaccurate electrical resistivity readings. Resistivity was measured
between the two silver painted lines (distance between the lines was 1cm) according to Equation 3.

(3)
Where ρ is the resistivity, R is the electrical resistance,
and A is the cross sectional area.
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is the length of the piece of the material,

Chapter 5

Results and Discussion
5.1 Scanning Electron Microscopy (SEM)
5.1.1 Date Palm Fibers
Date palm fibers obtained from fruit bearing branches were used after chemical and mechanical
treatments to reinforce potato starch based matrix. These treatments were necessary to remove the plant’s
matrix covering the fibers and thus increase the adhesion between them and the potato starch matrix.
SEM analysis was used to get an insight of how the fracture surface of fibers looks like under the electron
microscope and to know the morphology of the fibers. Figure 5-1 (A and B) shows the fracture surface of
date palm fibers (DPF) exposed to tensile test before treatment. DPF are cylindrical in shape (Figure 51(A)) having a diameter ranging between 30-46 μm and each fiber contains many single multicellular
fibers (Figure 5-1 (B)) bonded together by a layer of adhesive material (lignin). Each one of these
multicellular fibers contains what is known as lumen (a central void inside the fiber) (25). Fibers failed in
a brittle manner under tension load.

(A)

(A)

(B)

Figure5-1: SEM image for date palm fibers fracture surface after tension test on two magnifications (A) 500X (B) 2000X

57

Figure 5-2(A) and (B) are side view images for DPFs before treatment showing how the impurities (dust
and sand) as well as the plant’s matrix (lignin) are precipitated on the surface of these fibers. The
roughness observed on the fibers surface in Figure 5-2 (A) and (B) contributes in improving the adhesion
between DPF and the matrix material. Another advantage this roughness can provide is minimizing the
pull out of the fibers from the matrix in case of composite failure. Besides, this roughness improves the
interfacial interaction with the matrix in a composite material since they promote a large surface area of
DPFs (26).

(A)

(B)

Figure5-2: Side view of fibers showing the roughness of the fibers side surface on two magnifications (A) 3000 X (B) 3410X

5.1.2 Matrix
The work on the matrix material is divided into two parts: native potato starch powder and
plasticized potato starch powder. Plasticized potato starch powder is the powder after mixing with
glycerol and water. In order to get an insight into the effect of the various additives on the morphology of
the matrix particles, SEM characterization of native potato starch powder was done. Additionally, we
have to study the effect of preparation techniques on both starch powder alone and after the addition of
glycerol and water.
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A) Native Potato Starch
Potato starch is the main constituent of the matrix from which the composite material we are
preparing is made. To evaluate the effect of adding various elements to potato starch powder, SEM was
used to examine how the powder looks like under the microscope and how large starch particles are.
Starch powder used is a combination of two main elements, which are amylose and amylopectin. Since
potato starch has a high viscosity because of the amount of phosphate content attached to starch particles,
its gelatinization temperature is relatively low (around 60 C) and it has a high swelling capability (27).
Different factors affect the physical as well as the chemical properties of native potato starch. Among
these factors are the cultivar source, amylose and amylopectin content, growing conditions, storage time
and conditions. In this research, one of the main concerns is the effect of adding various elements to
native potato starch powder and the alteration in its mechanical properties as well as the changes in the
crystallinity and morphology of the material. Additives added were glycerol as a plasticizer to starch and
water as a solvent and plasticizer also. Then, fibers were added and same characterization methods were
used to identify the mechanical as well as the morphological changes in the material.
SEM images for native potato starch powder (Figure 5-3) showed how the particles are varying in
size and have relatively different shapes, some are circular and some have donut-like shape (Figure 53indicated by the arrow). Particle size for potato starch ranges from 8.76-56.06 μm. The common thing
that almost all particles share is the smoothness of particles surface with no obvious distortion or damage
that might result from the collision of the particles with each other because of handling. Particle sizes
ranged from large and medium (most are irregular or ellipsoidal) to small particles (represent the majority
and most are circular in shape). This change in the morphology of the particles can be attributed to several
factors such as plant physiology as well as their biological source (28).
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Figure5-3: SEM image for potato starch powder

Electron charging the powder was exposed to while it was in the SEM vacuum chamber has resulted in
some dim regions which are indicators of overcharging on the surface of starch particles (Figure 5-4).
This reflects the high sensitivity of starch granules to electrons exposure. Another reason for these dim
regions might be due to the presence of two levels of starch powder with different focal points.

Figure5-4: SEM image of starch powder showing the effect of overcharging on starch powder (bright and dim regions)

B) Plasticized Potato Starch (starch, glycerol and water)
I. Plasticized Potato Starch Powder
Starch was plasticized with a natural additive which is glycerol (99.5% purity) to promote good
mobility for starch molecules and reduce interaction of starch molecules with each other (29). Glycerol
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has the ability to create secondary bonds emerging from the original polymer chains and hence separate
those chains apart and consequently increasing the flexibility for the chains. Thus, the main purpose of
adding glycerol was to increase starch molecules mobility and to create new bonds as a step to make
adherent matrix in order to increase the adhesiveness between the matrix and the fibers. Another
advantage for glycerol is raising the melting temperature of starch since it can form protracted networks
of hydrogen bonds and its ability to form these networks comes from the chemical structure of glycerol
which is having three hydroxyl groups (Figure 5-5) (30). Since more hydrogen groups are available in the
system, interaction between molecules become stronger and thus raise the melting temperature of the
material (30). Water was added to starch as a solvent and as a plasticizer as well. Starch: Glycerol: Water
weight ratio used in this research was 100:30:12. This ratio was fixed during the preparation of all
composition and is obtained experimentally. Glycerol and water ratios were calculated from the original
weight of native potato starch powder.

Figure 5-5: Hydroxyl groups in Glycerol. (30)

SEM images for plasticized potato starch (Figure 5-6) showed almost the same morphology for
starch particles shown in Figure 5-3 with the difference that the particles were attached to each other and
more coherent. It’s clear that the particles are attached to each other with a glue-like substance. This was
not the case with native starch powder which gives us clear evidence that this substance is the plasticizer
(glycerol).
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(A)

(B)

Figure 5-6: SEM image for plasticizer starch (after the addition of glycerol and water) at different magnifications (A) 2000X (B)
1000 X

To make the difference between how the particles look like before and after adding glycerol and water
clear, SEM images for both are compared in Figure 5-7 (A) and (B).
In Figure 5-7 (A) we can see the particles are distributed individually with no noticeable adhesion
between them. In Figure 5-7 (B), starch particles are agglomerated and forming a coherent bulk because
of the presence of both glycerol and water.

(A)

(B)

Figure 5-7: SEM image (200 X) for (A) native potato starch powder (B) plasticized potato starch (starch+glycerol+water)
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II. Plasticized Potato Starch (Processed)
Plasticized potato starch went through two stages, the first one when glycerol and water was added to
native starch powder, and the second when this powder was poured into wooden molds, heated without
pressure and then pressed at 2 tons pressure while heating at 115 C (±3).
SEM analysis was conducted on the fracture surface of the samples that were tested using 3-points
bending and tensile loads. Figure 5-8 shows how the fracture surface for the tensile and bending samples
looks like. Clear tearing and cleavage of the specimen at cross sections perpendicular to the applied
tensile stress are shown in Figure 5-8 (A). Besides, some matrix cracking are shown in Figure 5-8 (A)
which may be due weak bonding between clusters of starch powder. In Figure 5-8 (B) the fracture surface
appears to have one level. More ductility is manifested as shown by the dimples covering the fractograph.
These dimples are due to starch powders being dislocated as a result of bond breaking.

(A)

(B)

Figure 5-8: SEM images (500X) for the matrix alone after (A) tensile test (B) 3-points bending

As we can see from Figure 5-8 (A & B), there are ups and downs (dimples) (indicated by white
arrows) due to the ductile fracture the samples went through during both the bending and tensile tests.
Fracture surface is rough and no smooth regions were observed. Cracks are obvious in the tensile
specimen and shows there is a bulk of the material about to be detached from the shown part of the
fracture surface but the bonding with the lower region of the material was stronger than that with the
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upper region (red arrow). Since matrix processing was conducted at a temperature range from 115 C-120
C, intra and inter molecular hydrogen bonds are affected by this temperature and thus the plasticity of the
matrix increases. This increased plasticity of the matrix resulted from both glycerol and water which also
reduced the viscosity. All these factors have resulted in the ductile behavior of the matrix during tension
and bending tests (31).
5.1.3 Composite Material
SEM analysis was done on the composite material containing different compositions of fibers to
examine how fibers content affects the morphology of the composite. This SEM analysis was divided into
two parts, the first part shows the ideal morphology of the composite and the second illustrates the defects
observed and the reasons behind these defects. Fracture surfaces for two specimens of bending test and
two specimen of tension test were examined. A total of 4 images for each specimen were taken.
A) Defect-free SEM images
First, 3.5% (DPFs volume fraction) of fibers were added to the matrix and the resulting composite
samples were subjected to tensile and 3-points bending tests. Fracture surface for these samples were
examined using SEM. Figure 5-9 (A) shows the microstructure for the composite containing 3.5% of
fibers.
As we can see from Figure 5-9 (A), there is little amount of fibers dispersed inside the matrix since fibers
content is small compared to the matrix amount. There are no pull outs of fibers from the matrix and good
adhesion between the fibers and the matrix is observed. Also, fibers are dispersed randomly inside the
material and some fibers are fractured (white arrows). All these observations prove that there is good
bonding between the fibers and the matrix since no pull out of fibers or fibers lying parallel to the fracture
surface are seen (31).
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Figure 5-9 (B) shows the SEM images for the composite material with 6.9% fibers. It is well observed
from the images that the amount of fibers inside the matrix increased and better dispersion of them within
the matrix is noticed.

(A)

(B)

Figure 5-9: SEM Images (500 X mag.) for the fracture surface of the composite with (A) 3.5% fiber content (B) 6.9% fiber content

As the fiber content increases, better dispersion of fibers inside the matrix can be observed. Figure 5-10
(A and B) shows the morphology of the composite with 10% and 12.9% fiber contents, respectively. It is
obvious in Figure 5-10 (A and B) how the fibers are immersed and mantled with the matrix material
which give us a clear evidence that good cohesion between the reinforcement and the matrix material
happened.

(A)

(B)

Figure 5-10: SEM Images (500 X mag.) for the fracture surface of the composite (A) 10% fiber content (B) 12.9% fiber content
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The fractographs for the composite with 15.6%, and 18.1% fiber content are shown in Figure 5-11 (A and
B). There is a clear difference between the way fibers are distributed within the matrix in Figure 5-11 (A
and B) (more fibers are appearing in Figure 5-11 (B) than in Figure 5-11 (A) since the volume fractions in
both images Figure 5-11 (A and B) are different.

(A)

(B)

Figure 5-11: SEM Images (500 X mag.) for the fracture surface of the composite (A) 15.6% fiber content (B) 18.1% fiber content

Figure 5-12 shows the fractographs of bending specimen for 18.1% fibers composite. Fibers
breakage (white arrows) is obvious in Figure 5-12 which is an indicator of the good bonding between the
matrix and the composite. Another observation is the even distribution of the fibers inside the composite
which means fibers are well separated before mixing with the matrix as well as evenly distributed and
blended with the matrix during the composite preparation process.

Figure 5-12: SEM Images (500 X mag.) for the fracture surface of the composite with 18.1% fiber
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B) Features of SEM Fractographs
Different kinds of features appeared in the SEM analysis for the fractographs of the composite
containing different amounts of DPF compositions. One of these features is the uneven distribution of the
fibers in the matrix which resulted in fibers agglomerations at specific regions of the matrix while the
amount of DPF in other regions of the matrix was low or unmentionable.
Figure 5-13 shows some fibers are agglomerated in a small zone in the matrix and this could be due to the
insufficient mixing of fibers before adding them to the matrix (fibers agglomerated and mixed with the
matrix allowing no time for them to be separated and well dispersed inside the composite)

Figure 5-13: SEM Images (500 X mag.) for the fracture surface of the composite with 3.5% fiber content (tension sample)

Figure 5-14 (A and B) are lower magnifications for the 3.5% fibers composite showing the bending and
tensile specimen fractographs. Cracks are obvious in Figure 5-14 (A) showing a detachment (white
arrow) of a big bulk of the composite.
Figure 5-14 (B) shows pull out of fibers which lies parallel to the fracture surface (dashed arrow). This
could be a result of poor mixing of fibers with the matrix which caused a weaker and insufficient bonding
between them (32).

(A)
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(B)
(A)

)

Figure 5-14: SEM Images (200 X mag.) for the fracture surface of the composite with 3.5% fiber content (A) bending sample (B) tension
sample

In Figure 5-15, some fibers have no matrix on their surface (white arrow) which is an indication of the
poor mixing took place between DPF and the matrix.

(A)

Figure 5-15: SEM Images (500 X mag.) for the fracture surface of the composite with 6.9% fibers

Another type of defects appeared in the analyzed samples were the voids observed in the composite with
different fiber compositions. Figure 5-16 (A) shows a trace of a fiber (dashed arrow) pulled out from the
matrix. Figure 5-16 shows a lower magnification (200 X) for the composite with 6.9% fiber content.
Some voids appearing in Figure 5-16 (B) (white arrow) can be attributed to fibers pulled out from one
side of the tested sample and stacked to the other part of it. Also, voids appearing in Figure 5-16 (B) could
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be a result of either gas evaporation during heating the composite or to detached plasticized starch
agglomerates. Another reason for the presence of voids could be trapped residual porosity during
fabrication.

(A)

(B)

Figure 5-16: SEM Images (200 X mag.) showing fractographs of the composite with 6.9% fibers (A) bending specimen (B) tension
specimen

Fibers bundles are another kind of defects that appeared in the tested samples. The effect of these bundles
on the bonding between the matrix particles and between the matrix and DPF can be seen in Figure 5-17.
These bundles form boundaries between the matrix particles and separate them resulting in poor exposure
of the matrix to heat and thus eliminating the stretching of the matrix chains to bond with each other and
form a coherent bulk of matrix which finally should surround and attached to the fibers. Fiber bundles can
be considered as regions of stress concentration from which small cracks can initiate then propagate and
thus cause failure of the composite material. Pull out of these bundles has occurred which resulted in
voids inside the material. They are obstacles that affect the matrix particles linkage resulting in gaps
which cause early detachment of the matrix (white arrows) surrounding these bundles and thus early
failure of the composite at these specific regions. Figure 5-17 (A, B, and C) shows fibers bundles
appeared in some of the analyzed samples under the SEM. Figure 5-17 (A) we can see how matrix
particles are dispersed over the bundles surface without any indication of good cohesion between these
particles and the bundles since matrix particles are scattered over a small region of the bundles and not
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covering them all. Additionally, we can see in Figure 5-17 (B) that these particles are maintaining their
shape and are not merged with each other (no baking observed) which might be attributed to the
insufficient matrix exposure to heat. This poor heat distribution might be a result of the high amount of
fibers exist in the composite and since DPF are insulating materials (33), they reduce the flow of heat and
hence negatively affect the heat distribution all over the composite. Same features were observed in the
fracture surface of the composite with 15.6% of DPF (Figure 5-17 (C)).

(A)

(B)

(C)

Figure 5-17: SEM Images for the fracture surface of the composite with (A) 22.8% DPF 200X mag. (B) 22.8% DPF 500X mag. (C) 15.6%
DPF 200 mag.

Figure 5-18 shows the SEM images for the fractographs of the composite with 18.1% fiber content. One
observation is the little amount of fibers appearing in Figure 5-18 (A) while we should see more fibers
since we are dealing with a composite containing 18.1%. This little amount of fibers can be attributed to
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the uneven distribution of the fibers inside the composite because of some factors such as: mixing speed,
mixing time, heating of the mill blades which causes baking and agglomeration of plasticized starch
during the mixing process. Fibers have tendency to be attached to these agglomerates since they are more
gelatinized than other regions of the matrix and thus small agglomerates of matrix and fibers created
inside the composite material before putting it in the mold. More fiber agglomerates are shown in Figure
5-18 (B) with plasticized starch particles surrounding these agglomerates which confirms what was
mentioned before about the effect of mill blades temperature on the distribution of the fibers inside the
composite.

(A)

(B)

Figure 5-18: SEM Images for the fracture surface of the composite with 18.1% fiber (A) no fiber agglomerates (B) with fiber
agglomerates
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5.2 X-Ray Diffraction (XRD)
5.2.1 Starch Powder
XRD patterns of native potato starch powder appear in Figure 5-19 show different peaks (563.99,
798.74) at different diffraction angles (5.5 and 17.15 ), respectively. These results are quite close to those
of B-type crystallinity as mentioned in Table 5-1 and same as the results observed by Mats Thunwall in
the thermoplastic potato starch material he prepared (34).
Table 5-1: XRD peak locations for different types of starch (35)

As we can see in Figure 5-19, different sharp peaks exist which is an indicator of the moderate
crystallinity of native potato starch. On the other hand, there are defusing bands as well which indicate the
existence of amorphous regions within starch powder. By using software developed by Grady (36),
percentages of both crystalline and amorphous regions were calculated and the values obtained were as
follows:
Fractional Crystallinity
Amorphous

Crystalline

72.92%

26.89%
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5.45
6.9
8.35
9.8
11.25
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14.15
15.6
17.05
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19.95
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28.65
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34.45
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37.35
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Figure 5-19: XRD pattern for native potato starch powder

The main characterizations of potato starch are that the intensity of the peaks in X-Ray diffraction
increases while their width decreases if it is left for certain time in a humid atmosphere for the purpose of
aging. This increase in peaks intensity and decrease in their width mean that both the size of the
crystallites and the crystallinity increase. (34).
Potato starch has a B-type crystallinity which confirms what was mentioned by Horng Jye Lee in his PhD
dissertation (35). One of the main characteristics of B-type crystallinity is that it has more available sites
for water molecules to be settled in, which means it has higher affinity to water than other types of
crystallinity
Crystallinity affects the strength of the materials, i.e. when the degree of crystallinity is high inside the
polymeric material; it has a high rigidity, high melting point and high resistance to solvents diffusion
(37). Since chains inside a crystalline polymer are long, they are arranged in a way (Figure 5-20) to form
a plate-like (lamellar) structure. These parallel chains are perpendicular to the face of each crystal in the
crystal structure shown in Figure 5-20. Each plate thickness ranges from 10-20 nm (37).
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Figure 2-20: Arrangement of chains in a crystalline polymer (high crystallinity (90-95%). (37)

On the other hand, chains in amorphous polymers encounter difficulties in packing themselves in a way to
form crystals. This difficulty in forming crystals can be attributed to the high entanglement degree these
chains have which prevent them from sliding over each other and form a crystal. Instead of slipping, these
chains twist over each other resulting in a more entangled structure of the polymer (Figure 5-21).
Amorphous polymers are characterized by their low melting temperature, softness, dissolution and low
resistance to solvents.

Figure 5-21: Arrangement of chains in an amorphous polymer (chains are twisted over each other). (37)

There is another type of materials in which there are amorphous and crystalline regions. This type
combines the properties of both amorphous and crystalline chains (in the case of polymers). It has the
softness of amorphous polymers as well as the rigidity of crystalline ones. Since potato starch has both
crystalline and amorphous regions, it can be considered as semi-crystalline material. The structure of
semi-crystalline polymers contains both lamellae and entangles chains are shown in Figure 5-22.
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Figure 5-22: Arrangement of chains in a semi-crystalline polymer (chains are twisted over each other). (37)

As we can see from Figure 5-22, entangled chains are surrounding and intertwined with crystalline
(lamellae) chains and no obvious frontiers between the two types of chains were observed (37).
5.2.2 Plasticized Potato Starch Powder (starch, glycerol, and water)
XRD analysis was done on thermoplastic potato starch. Samples were cooled using liquid
nitrogen and ground to get a powder and conduct XRD analysis on it. As we can see from Figure 5-23,
there are three major peaks. Peaks appeared at 2 Ѳ=16.9 , 19.1 , 21.45 and there intensities were 615.74,
579.74, 587.74, respectively. If we compare the results we get in Figure 5-23 with those for native starch
powder (Figure 5-19), we can see that the number of sharp peaks has decreased. This decrease calculated
by using the software developed by Grady (36) mentioned earlier means that there is a slight increase in
crystallinity rate from (26.89%) for native potato starch powder to (27.16%) for the thermoplastic starch
and a decrease in that of amorphous regions from (72.92%) for starch powder to (72.84%) for plasticized
starch which confirms what was observed by Xiaofei Ma (23). This was not the case with He0020lene
Angellier who noticed a decrease in the crystallinity of starch after processing (38).
Fractional Crystallinity
Amorphous

Crystalline

72.84%

27.16%
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Figure 5-23: XRD patterns for plasticized potato starch (matrix)

5.2.3 Plasticized potato starch/DPFs based composite
X-Ray Diffractometer analysis was done on the composite with different fiber compositions
(3.5%, 6.9%, 10%, 12.9%, 15.6%, 18.1%, and 22.8%). For the composite with 3.5% of DPF, the main
peaks observed at 17.05 , and 22.65 of 2Ѳ with intensities of 266.25 and 307.25 (inter-planar distances
“d=5.15A and 3.93A ”), respectively. These values of 2Ѳ=17.05 2Ѳ=22.65 are close to those observed
by Helene Angellier (2Ѳ=17 , 22 , and 24 ) (38) and correspond to starch with A-type crystallinity
(Figure 5-24 (A)). The fractional crystallinity of the 3.5% fiber content composite was 28.77%. Since
starch main components are amylose and amylopectin, and by referring to Figure 5-19, we can conclude
that fibers have no noticeable effect on the crystallinity of the material although the number of peaks
decreased and no widening of peaks was noticed and the obtained values refer to amylose and
amylopectin presence (31).
For the composite with 6.9% fiber content (Figure 5-24 (B)), three main peaks were observed at
2Ѳ values of 17.45 , 19.45 , and 21.7 (d=5.21 A , 4.56 A , and 4.09 A ). The peaks in this composite
(6.9% fibers) become wider and concentrated at 2Ѳ of 17.45 and 19.45 which are almost the same as the
peaks observed by Helene Angellier (2Ѳ=17 , 18.2 , and 22 ) (38) and corresponds to the presence of both
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amylose and amylopectin. Fibers have no significant effect on the crystallinity of the composite since
their amount is not that much compared to the amount of the surrounding matrix material. There is a
slight increase in the fractional crystallinity when more fibers were added to the composite. The
composite crystallinity increased from 28.77 % for the 3.5% fibers composite to reach 29.02% for the
composite with 6.9% fibers.
As fibers content increased to reach 10%, crystallinity of the material increased to 29.24%. Two
peaks appear in XRD pattern (Figure 5-24 (C)) for the composite with 10% fiber content. The pattern is
quite similar to that observed in the composite with 3.5% fibers but are wider and there is a peak with a
weak intensity appeared at 2Ѳ=5.4 . This broad peaks as well as the third peak at 2Ѳ of 22.65
corresponds to the presence of fibers which are partially crystalline. Another observation is that since a
weak peak at 2Ѳ=5.4 appeared and the peaks become wider in 2Ѳ=22.65 , there is a slow rate of matrix
recrystallization in B-type occurring, close values for 2Ѳ were revealed in the composite prepared by
Helene Angellier (2Ѳ=5.6 , 18.2 , and 23.5 ) (38). We can see an increase in the crystallinity percentage
from 29.02% for the composite with 6.9% fibers to 29.24% for that with 10% fibers.
When fiber content reached 12.9%, a noticeable increase in the crystallinity degree was observed.
Crystallinity percentage increased from 29.24 for the composite with 10% fibers to 32.80 for 12.9% fibers
composite. Two main peaks appeared in the XRD pattern (Figure 5-24 (D)) which is 2Ѳ of 17.15 and the
other one at 2Ѳ of 22.65 . Obviously, the second peak at 2Ѳ of 22.65 corresponds to the participation of
date palm fibers crystalline part which positively affected the crystallinity of the composite causing it to
increase and reach the value shown in Table 5-2. The shoulders of the peaks are wider for the composite
with 12.9% fibers than those seen in the composite with lower fibers content.
The intensities of the peaks increase when fiber content increased inside the composite to reach
15.6%. Almost same pattern was observed for the composite with 15.6% fibers (Figure 5-24 (E)) as those
showed by the composite with lower compositions. Crystallinity increased by 1% from the previous fiber
77

composition of the composite (12.9%) and reached a value of 33.69%. Two peaks were observed at 2Ѳ of
17.1 and 22.45 with inter-planar distances of 5.18A and 3.96A which is almost the same distance
observed in lower fiber compositions of the composite.
Table 5-2: Fractional Crystallinity for starch and the composite with different fiber compositions

Amorphous

Crystalline

Native potato starch powder

72.92%

26.89%

Plasticized starch (processed)

72.84%

27.16%

Composite with 3.5% fibers

71.23%

28.77%

Composite with 6.9% fibers

70.98%

29.02%

Composite with 10% fibers

70.76%

29.24%

Composite with 12.9% fibers

67.20%

32.80%

Composite with 15.6% fibers

66.31%

33.69%

Composite with 18.1% fibers

64.71%

35.29%

Composite with 22.8% fibers

63.97%

36.03%

When fiber content inside the composite increased to 18.1%, two peaks at almost the same
diffraction angles for the composite with lower compositions appeared (Figure 5-24 (F)). The first peak
observed at 2Ѳ of 16.7 and the second one at 22.4 . These two peaks are characteristics of fibers
crystallinity with no participation of the matrix. Crystallinity increased for the 18.1% fibers composite to
reach 35.29% and almost same pattern for previous composites was observed.
Same behavior was noticed in the XRD patterns for the composite with 22.8% fibers content (Figure 5-24
(G)). Two peaks at diffraction angles 2Ѳ of 16.9 and 22.45 emerged from the XRD pattern. These peaks
refer to the contribution of date palm fibers crystallinity with no effect of the matrix in. The absence of
starch crystallinity effect in the composite with high fiber composition can be attributed to possible
condensation of potato starch or the cross linking that occurs between starch and glycerol and even the
damage of the crystalline region of potato starch (31)
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Figure 5-24: XRD Patterns for the composite with fiber compositions of (A) 3.5% (B) 6.9% (C) 10% (D) 12.9% (E) 15.6% (F) 18.1% (G)

5.3 Electrical Resistivity
Electrical resistivity was measured from 1 sample for the matrix alone as well as for the
composite with different fibers compositions (Figure 5-25). For the matrix material which contains 0%
fibers the electrical resistivity was measured by applying Equation 3(section 4.4.4) and found to be
2.88*103 Ω.m.
The resistivity increases with increasing fiber content which is an indicative of the insulating nature of
date palm fibers. This increase in composite resistivity can be attributed to the matrix discontinuity caused
by the presence of fibers inside the matrix which in turn has negatively affected the flow of electrons
inside the composite material (39). The highest resistivity value obtained (19.56*103 Ω.m) was for the
composite with 22.8% fibers which is the highest fibers volume fraction added to the composite.

Figure 5-25: Matrix sample prepared for electrical resistivity measurement

Figure 5-26 shows the change in the electrical resistivity with increasing fiber content. When 3.5% fibers
were added to the matrix, the electrical resistivity was raised to reach (3.12*103 Ω.m). The composite with
6.9% fibers content possess an electrical resistivity of (4.188*103 Ω.m). A noticeable increase in the
electrical resistivity is observed (6*103 Ω.m) when the fibers content increased to 10%. (6.72*103 Ω.m) is
the resistivity for the 12.9% fibers content composite. The composite with 15.6% fibers showed an
electrical resistivity of (7.2*103 Ω.m). This slight change in the values between the 12.9% and 15.6%
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fibers can be attributed to the small change in fibers compositions (2.7%) which gave close values of the
resistivity. When fibers content increased to reach 18.1%, (16.2*103 Ω.m) of electrical resistivity
recorded. More fibers inside the matrix mean less continuity of the base material of the composite
(matrix) and thus higher resistivity with lower conductivity. Same effect was observed in the composite
with 22.8% of fibers. The resistivity for the composite with 22.8% fibers is (19.56*103 Ω.m) which is an
indicator of the tremendous effect of fibers content on changing the electrical resistivity of the composite.
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Figure 5-26: Effect of changing fiber content on electrical resistivity

5.4 Mechanical Properties
The mechanical properties for the matrix as well as for the composite material were obtained
from measuring the tensile as well as the bending strength and strain for 3 samples. For each composition,
the average value of the three samples was considered.
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5.4.1 Tensile Test
A) Date Palm Fibers (DPF)
Maximum tensile strength of fibers was measured by testing fibers under tensile load. Four samples for
each DPFs volume fraction were tested and their average value was considered. The ultimate tensile
strength for the fibers was 114.683 MPa which is within the range of ultimate tensile strengths (90-196
MPa) obtained by Faleh A. Al-Sulaiman (40) for fibers from different species of date palms while their
Young’s modulus is 10 GPa (measured from the slope of the curve shown in Figure 5-27). Lower results
for DPF Young’s modulus were obtained by Faleh A. Al-Sulaiman (4.0-5.2 GPa) (40). Maximum strain
the fibers exhibited was 0.95% which is lower than the values reported by Faleh A. Al-Sulaiman (2.54.7%) (40). Figure 5-27 shows a representative stress strain diagram for DPF.

DPF stress-strain diagram
120
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Figure 5-27: Stress-Strain diagram for date palm fibers

B) Matrix Material
Figure 5-28 shows the tensile stress-strain diagram for the matrix material. Tensile test results for
the matrix showed an average maximum tensile strength of 0.975 MPa which is lower than the results
obtained by D. Lourdin (3 MPa) (41) and higher than those for waxy maize starch reported by Helene
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Angellier (0.26 MPa) (38).The average value for tensile strain was 5.4% which is much lower than that
obtained by D. Lourdin (40%) (41) and that obtained by Helene Angellier (551%) (38). All samples were
tested after 1 day of preparation (aging time is 24 hours). These results will be compared with those
obtained after the addition of different compositions of DPF.

Matrix Stress-Strain Diagram
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Figure 5-28: Stress-Strain Diagram for the matrix material containing 0% DPF

It’s obvious from Figure 5-28 that there is no yield region and there is a constant increase in the
elongation as the load increases until it reaches a maximum value of 0.975 MPa (ultimate tensile strength)
then the material fails. The nonlinear elastic behavior shown in Figure 5-28 is one of most thermoplastic
polymers characteristics. Glycerol works as a lubricant that improves the mobility and softness of the
amorphous phase in starch at room temperature (38) .
C) Composite Material
The stress strain behavior for the composite with different compositions of date palm fibers is
shown in Figure 5-29. It can be seen from the tensile stress strain diagram in Figure 5-29 that the tensile
strength for the composite material increases with increasing fiber content up to 22.8% which is in
agreement with observed by L. Dobircau (42). This direct proportionality between fiber content and
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tensile strength can be attributed to the fact that fibers act as load carriers inside the composite which
result in load being transferred from the matrix to the fibers and thus uniform stress distribution across the
composite happens which, in turn, improves the mechanical properties of the composite material as a
whole. The highest tensile strength obtained is about 6.66 MPa for the composite with 22.8% of DPF
which is higher than the highest tensile strength obtained by L. Dobircau (3.5 MPa) for the composite
with 10% of waste cotton fibers (42).
As fiber content of the composite increases, more load carriers are promoted since fibers act as
bridges that carry load from the matrix then transfer it from one fiber to another and thus resulted in
increasing the strength of the composite material. When fiber population inside the matrix is low, stress
applied at the material is concentrated on a certain region causing poor mechanical properties and early
failure of the material. Increasing fiber population results in blocking of stress accumulation and
transferring the load between fibers until ultimate strength is reached and the material start to deform and
finally fails (43).
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Figure 5-29: Stress-Strain Diagrams for the Composite with different fiber compositions
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Several factors affects the mechanical properties of the composite material, e.g. the strength of the fibers,
strength of the matrix material, degree of adhesion between the fibers and the matrix, fibers orientation
and population (43). The increase in the elongation at break for the composite with 3.5% of DPF
(compared to the matrix’s elongation at break values) was observed also in the composite prepared by
Ozturk (43). Tensile strength and elongation at break for the matrix alone without any fibers are 0.97 MPa
and 5.4%, respectively. Matrix Young’s modulus is 40 MPa which is higher than that gained by Helene
Angellier (0.46 MPa) (38) for waxy maize starch and almost the same for corn starch (42 MPa) acquired
by Xiaofei Ma (23). Upon adding 3.5% of DPF to the matrix, maximum tensile strength increased to
1.23MPa which is slightly lower than the results reported earlier by L. Dobircau (nearly 1.6 MPa) (42) for
wheat starch reinforced with cotton fibers while elongation at break is 6.6% which is lower than that
obtained by L. Dobircau (28%) (42) and way lower than that resulted in corn starch plasticized with
winceyette fibers (7.1 MPa of tensile strength and 75% elongation at break) (23). The Young’s modulus
for the 3.5% fibers composite is 60 MPa which is higher than that observed by Xiaofei Ma (nearly
49MPa) (23). Additionally, a yield region appeared in the composite with 3.5% DPF which is clear
indication that the fibers contributed in carrying part of the stress applied at the composite.
For the 6.9% DPF composite, tensile strength and tensile strain as well as the young’s modulus were
calculated to be 1.66 MPa, 10%, 67 MPa, respectively. Close values for the tensile strength and
elongation at break were obtained in wheat flour composite reinforced with 10% cotton fibers (almost 2.5
MPa of tensile strength and 14% elongation at break) (42) but lower than the tensile strength and strain
for corn starch reinforced with winceyette fibers (8.5 MPa of tensile strength and 30% elongation at
break) (23). Young’s modulus was slightly higher than that obtained by Xiaofei Ma (50MPa) (23). Both
tensile strength and Young’s modulus increase with increasing fiber content while tensile strain started to
decrease once the fibers composition inside the composite exceeded 6.9% (in comparison to the matrix
elongation at break value). As we can see from Figure 5-30, the composite with 15.6% of fibers has the
highest yield point (1.82 MPa) among all other fiber compositions of the composite. This observation is a

85

result of the strong bonding between the fibers and the matrix material which made the matrix endure the
stress to high levels and then transfer the load to DPFs until failure of both the matrix and the fibers
happen.
Figure 5-30 shows the change in tensile strength with changing fiber content for all tested
samples. The variation in the results obtained from the different trials of samples for the same fiber
content is close (plotted points) which means that the samples were exposed to the same conditions
during preparation and processing. It is clear from Figure 5-30 that there is an increase in the tensile
strength of the composite material with increasing fiber content and reached its peak at a fiber content of
22.8%. There is a high variation in tensile strength values for the composite with 22.8% of DPF which
can be attributed to the high amount of fibers exist in the matrix that led to uneven distribution as well as
fibers agglomeration inside the composite that resulted in large variation in the tensile strength values.
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Figure 5-30: Effect of fiber content on tensile strength of the composite

Figure 5-31 demonstrates the changes in elongation at break for the composite with different
compositions of DPF. Values obtained from different samples for each composition were plotted on the
graph.
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It is clear from Figure 5-31 that the elongation at break increased with increasing fiber content
when 3.5%, were added to the matrix which is the same behavior observed by Sultan Ozturk (43).
Elongation at break increased from 5.5% for the neat matrix to 8.2% for the matrix with 6.9% fibers and
then decreased to reach a value of 6.8% for the 10% DPF composite. These values are lower than those
obtained by Xiaofei Ma (109% for the neat matrix, 30% for the composite with 10% of winceyette fibers,
and 23% for the 15% winceyette fiber composite) (23). When DPF content increased above 3.5%,
elongation at break values started to decrease which confirms what Dobircau observed in the composite he
prepared (42). Elongation at break percentage values decreased from 5.5% for the neat matrix to 4.8% for
the composite with 12.9% of DPF and 3.7% for the composite with 22.8% of DPF which means that the
composite became less ductile as fiber content increase. Values for elongation at break percentage recorded
were much lower than those observed in the natural composite prepared by Xiaofei Ma (109% for the
matrix and 19% for the 20% winceyette fiber composite) (23)
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Figure 5-31: Effect of fiber content on tensile strain of the composite (different trials for each composition)
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5.4.2 Bending Test
A) Matrix Material
3-point bending test was used to determine the maximum flexural stress and strain the matrix can
withstand before it fails.
Figure 5-32 shows the flexural stress strain behavior for the matrix during the 3-points bending test. It is
clear that there is an increase in the elongation values as the load increases until it reached a maximum
flexural strength value of 2.88 MPa then fracture happened. The maximum strain the matrix reached
before breakage was 9% of the original sample’s length. The material showed the same elastomeric
behavior observed in the tensile test for the matrix material (Figure 5-28) and no yield point observed.
Maximum flexural strengths were calculated using Equation 4.

(4)
Where (P) is the applied force, (L) is the span length, (b) is the specimen’s width and (d) is the thickness
of the specimen.
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Figure 5-32: Flexural stress strain diagram for the matrix material
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12%

B) Composite Material
Figure 5-33 shows the flexural stress-strain diagram for the composite with various compositions of
date palm fibers (DPF). It is clear from Figure 5-33 that the flexural strength increases with increasing
fiber content except for the composite with 3.5% fiber content which showed a lower flexural strength
than the neat matrix. This decrease in the flexural strength for the composite with 3.5% of DPF loading
can be attributed to the low fraction of fibers inside the composite which resulted in poor stress transfer
between the matrix and the fibers thus the matrix carried the majority of the applied load. Besides, flow of
stress along the matrix material is much easier since the fibers population is low and incapable of

Flexural Stress (MPa)

blocking the stress motion inside the composite thus the material failed.
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Figure 5-33: Stress-Strain diagram for the composite with different DPF contents

As we can see from Figure 5-33 that upon adding 6.9% of DPF to the matrix, the flexural strength
increased from 2.88 MPa for the neat matrix to 3.60 MPa. The flexural strength of the composite
increased with increasing fiber content, and reached its maximum value (11.82 MPa) at 22.8% of DPF.
Flexural strength value obtained for the composite with 12.9% (5.74MPa) and 22.8% (11.82MPa) of DPF
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was lower than these obtained by Seena Joseph (50 MPa for the 45% Banana fibers phenol formaldehyde
composite) (44) and much lower than those recorded by Sultan Ozturk (80.1 MPa for the composite with
20% of basalt fibers and 54.9 MPa for the 48% basalt fibers composite) (43). In 3-points bending test,
there are two types of forces affecting the upper and lower surface of the specimen, tension and
compression, while the axisymmetric plane is exposed to shear stress (44).
Figure 5-34 shows the variation in flexural strength of the plasticized starch/date palm fibers
composite with different composition of DPF. Each point plotted on the graph represents the flexural
strength of the specimens tested for each composition of date palm fibers the composite contains.
It is clear from Figure 5-34 that the variation in the composite’s flexural strength values for the same
composition is not high which indicates that the tested samples were exposed to almost same conditions
during preparation, processing and testing. Maximum flexural strength obtained by the composite with
22.8% of DPF and the lowest observed in that with 3.5% of DPF.
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Figure 5-34: Variation of flexural strength of date palm fibers/starch composite with different DPF loading
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Chapter 6

General Discussion
To verify the ultimate tensile strength and Young’s modulus values obtained from the
experiments done on the natural composite based on thermoplastic potato starch reinforced with date
palm fibers, different models such as the rule of mixture, inverse rule of mixture, Kelly and Tyson and
Halpin Tsai models were used for predicting the accuracy of the experimental results.

6.1 Density
The densities of the matrix and the composite with its various compositions of date palm fibers
were calculated experimentally and are shown in Table 6-1. Three samples were used to measure the
density and the average value was considered.
Table 6-1: Densities for date palm fibers, matrix, and composite with various DPF contents

Material
Date Palm Fibers
Matrix
3.5% DPF
6.9% DPF
10% DPF
12.9% DPF
15.6% DPF
18.1% DPF
22.8% DPF

Experimental Density (g/cm3)
1.340
1.410
1.410
1.400
1.400
1.400
1.390
1.390
1.380

Theoretical Density (g/cm3)
1.340
1.410
1.405
1.400
1.394
1.389
1.384
1.379
1.369

ROM equation (Equation 5) was used to predict the density of the composite with various compositions
of DPFs and compare the results to those obtained from the experimental calculations.

(5)
Where

,

,

are the densities for the composite, matrix and fibers, respectively.

volume fractions for the matrix and fibers, respectively.
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Figure 6-1: Comparison between theoretical and experimental results for the density

It is clear in Figure 6-1 that there is a difference between experimental and theoretical values for
the density of the composite which verifies the validity of the experimental results.

6.2 Tensile Strength
After calculating the experimental ultimate tensile strengths for the matrix and the composite with
various fiber contents, three analytical micromechanical models were implemented to verify the validity
of the experimental values for plasticized potato starch/date palm fibers based natural composite. These
models are:
1- Rule of mixture (ROM)
2- Inverse rule of mixture (IROM)
3- Kelly-Tyson equation
Rule of mixture and the inverse rule of mixture are the simplest models that can be used to predict the
ultimate tensile strengths as well as the elastic properties of composite materials. Rule of mixture equation
(Equation 6) assumes that both the fibers and the matrix are exposed to the same strain resulting from the
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uniform stress applied at a uniform cross sectional area (45). This model works best for continuous
aligned fibers reinforced composites (predicting the ultimate tensile strength in the one direction).
Ultimate tensile strength in the fibers direction is shown in Equation 6 (45). The ROM equation becomes
invalid as the strain increases above the yield point (45).

(6)
Where σc, σm, σf are the ultimate tensile strength for the composite, matrix and fibers, respectively. Vf, Vm
are the volume fractions for the fibers and the matrix, respectively.
By substituting ultimate tensile strength values for DPF and the matrix which are 114.683 MPa and
0.975MPa, respectively, in addition to DPFs and matrix volume fractions in Equation 6 (ROM),
theoretical ultimate tensile strength values are obtained (Table 6-2).
Inverse rule of mixture model is used to determine the ultimate tensile strength in the two directions
assuming that both the fibers and the matrix are equally exposed to the applied transverse stress (Reuss’s
assumption) (45). Equation 7 describes the inverse rule of mixture equation for predicting the ultimate
tensile strength in the transverse direction which represents the lower limit for theoretical values. Same as
described above, when we substitute ultimate tensile strength values for the matrix and the fibers as well
as their volume fractions, we obtain the theoretical ultimate tensile strength values shown in Table 6-2.

(7)
For all other composites, ultimate tensile strength in the desired fibers directions should fall somewhere
between the uttermost values anticipated by the rule of mixture (ROM) and inverse rule of mixture
(IROM).
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Since date palm fibers in the plasticized potato starch based composite are short and randomly distributed,
rule of mixture (ROM) equation is modified to best predict the tensile strength values. Kelly and Tyson
(45) considered critical fibers aspect ratio to determine if there is adequate fibers surface area for the
fibers to break during the loading process of the composite material or not (45). They have created a
model to be substituted in the original ROM equation. Equation 8 and 9 show the models brought to us by
Kelly and Tyson. The models shown in Equation 8 and 9 assume that there is an invariant shear stress
applied over the fiber/matrix interface which existed as a result of the matrix plasticity (45).

(8)

(9)
Where Sc, lc, σFU, T, τi, d, represent critical fibers aspect ratio, fibers critical length, fibers ultimate tensile
strength, fibers thickness, interfacial shear strength, and fibers diameter, respectively (45). Since the
fibers we are using in the composite are cylindrical in shape as appeared in the SEM images shown in
Figure 5-1, Equation 8 is used for determining DPF critical length.
Maximum interfacial shear stress can be calculated from Equation 10 if good adhesion between the
matrix and the fibers exist (45).

(10)
Where, σMY refers to the matrix yield stress (45).
Because some studies imply that sometimes the interfacial shear strength may go beyond the matrix shear
yield strength due to the presence of a polymeric layer (interphase) that surrounds the fiber and have
different mechanical properties from the bulk material itself (45), the ultimate tensile strength for the
matrix (0.975 MPa) was substituted in Equation 10 instead of its yield stress. The interfacial shear stress
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is calculated using Equation 10 and found to be 0.49 MPa. DPF diameter (d=0.3 mm), ultimate tensile
strength (σFU =114.683 MPa), and interfacial shear stress (2τi=0.975 MPa) are substituted in Equation 11
to determine DPFs critical length. DPF critical length is found to be 35.282 mm which is higher than their
actual length (5mm).

(11)

(12)

(13)
Since DPF actual length (l) is lower than their critical length (lc), Equation 13 is applicable to our case
because of the condition ≤ . Interfacial shear stress (τi =0.49 MPa), fibers volume fractions, fibers
original length (l=5 mm), fibers diameter (d=0.3mm), matrix ultimate tensile strength (σM=0.975 MPa),
are substituted in Equation 13 to calculate the theoretical tensile strength values for plasticized potato
starch/DPF based composite. Table 6-2 shows the values obtained from the model represented by
Equation 13.
Table 6-2: Theoretical and experimental ultimate tensile strength values for the composite

Ultimate Tensile Strength (MPa)
Theoretical
Matrix
3.5% DPF
6.9% DPF
10% DPF
12.9% DPF
15.6% DPF
18.1% DPF
22.8% DPF

ROM
0.975
5.038
8.820
12.350
15.652
18.748
21.656
26.973

Kelly and Tyson
0.975
1.231
1.468
1.690
1.898
2.093
2.276
2.610
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Experimental
IROM
0.975
1.011
1.000
1.035
1.069
1.103
1.137
1.205

0.975
1.255
1.817
2.459
2.539
2.722
3.524
4.914

Values tabulated in Table 6-2 were plotted on a graph (Figure 6-2) to best interpret the variation
between the experimental and theoretical results. The highest and lowest values are presented by the
ROM and IROM models which are considered as the extreme values between which the experimental
values should fall. It is clear from Figure 6-2 that the results obtained from Kelly and Tyson modified
ROM model are lower than the experimental results which means that this model is best predicted the
tensile strength values for the plasticized potato starch/DPF reinforced composite since there are slight
discrepancies between their values and the experimental ones. At low fibers content, experimental results
and those obtained by Kelly and Tyson modified ROM are very close and start to slightly diverge as
fibers content increase.
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Figure 6-2: Variation between theoretical and experimental tensile strength with changing volume fraction (Vf %) of DPF
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6.3 Young’s Modulus
Theoretical Young’s modulus is calculated by applying the two leading models ROM and IROM between
which the experimental results should be included.
Fibers Young’s modulus (13506 MPa), matrix Young’s modulus (40 MPa), and volume fractions for both
fibers and matrix are substituted in Equation 14 to calculate the theoretical Young’s modulus for the
composite by using the ROM model. Young’s modulus values for the composite with different fibers
content are shown in Table 6-3.

(14)
Where Ec, Ef, Em are Young’s modulus for the composite, fibers, and matrix, respectively. VM and VF are
volume fraction for the matrix and the fibers, respectively.
To get the lower bounds above which experimental results should fall, IROM model was applied to
calculate the minimum values for the composite Young’s modulus values. Equation 15 represents the
IROM model.
To calculate the theoretical Young’s modulus values using IROM Equation 15, Young’s modulus values
for the fibers as well as for the matrix and their volume fractions are substituted in equation. Young’s
modulus results calculated by the IROM model are listed in Table 6-3.

(15)
Halpin-Tsai equation (Equation 17) is used as a semi empirical model to predict the Young’s modulus for
composites reinforced with short random fibers which is the case with the DPFs used in the composite we
are studying. Shape fitting parameter (ξ) was calculated (Equation 16) to make Halpin Tsai obtained
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values fit the experimental ones. This parameter takes into consideration the geometry and the packing
arrangement of the fibers.

(16)
Where ξ is the shape fitting parameter, L is DPF length, and D is DPF diameter

(17)
Where EF and EM, are the elastic modulus for the fibers and the matrix, respectively.

(18)
Where VF is the fibers volume fraction.
Results obtained by Halpin-Tsai model (Equation 18) are close to the experimental results which indicates
that the best prediction for the composite reinforced with natural fibers is brought by this model and this
observation contradict what was mentioned by Angelo G. Facca (46). Angelo G. Facca (46) stated that
Halpin-Tsai model provides good prediction for the elastic properties of glass fibers reinforced
composites while composites reinforced with natural fibers have complex geometry are not well
represented by this model.
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Table 6-3 shows the difference between theoretical and experimental Young’s modulus results for the
composite with different fiber content.
Table 6-3: Theoretical and experimental results for Young's modulus

Young's Modulus(MPa)
Theoretical
Experimental
ROM

Halpin-Tsai

IROM

Matrix

40.000

40.000

40.000

40.000

3.5% DPF

521.099

86.016

41.477

60.000

6.9% DPF

969.008

131.719

42.955

67.000

10% DPF

1387.046

177.111

44.431

210.000

12.9% DPF

1778.105

222.196

45.908

222.000

15.6% DPF

2144.716

266.978

47.384

250.000

18.1% DPF

2489.101

311.458

48.860

400.000

22.8% DPF

3118.816

399.528

51.811

800.000

Figure 6-3 shows the variation between experimental and theoretical Young’s modulus for the
composite with different fibers content. There is no big difference between theoretical (Halpin-Tsai) and
experimental values even at high volume fractions of fibers. This convergence between the results
indicates that although some samples contain defects but these defects have a minor effect on the elastic
properties of the composite material.
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Figure 6-3: Variation between theoretical and experimental Young’s modulus with changing volume fraction (Vf %) of DPF

It is clear that Halpin Tsain models as well as Kelly & Tyson modified ROM model are suitable
for thermoplastic potato starch/ DPFs based composite since the values for tensile strength and Young’s
modulus obtained by these models are close to the experimental results which verifies the validity of the
experimental results and proves that the composite posses good mechanical properties
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Chapter 7

Conclusion and Recommendations
Researches towards creating new biodegradable, environmentally friendly composites by using
natural resources in the matrix and the reinforcement are generating tremendous attention. Petroleum
resources from which traditional composites are made are on their way to depletion. Besides, the
hazardous effect of these resources on degrading the environment as well as the inability of recycling
some types of the traditional composites and their relatively high processing and manufacturing cost are
among the limitation of using these composites. Potato starch plasticized with glycerol and water was
used as an all natural material matrix in this research. Potato starch is commercially available and has a
relatively low cost. Date palm fibers obtained from fruit bearing branches were used to reinforce the
plasticized potato starch matrix. These fibers had no mentionable use in the past, widely available and
most of them are considered as waste. This research has brought an advantage to these fibers by
successfully merging them with the natural matrix to produce a natural composite made of 100% natural
materials. Several conclusions are made out of this research, among them:
A) Experimental Procedure
1- Mechanical and chemical treatment with NaOH are necessary to remove the plant matrix
surrounding DPF (lignin) and to make DPFs surface relatively rough for providing better
adhesion with the matrix by increasing fibers surface area and thus increasing the amount of
matrix filling the valleys existed on the outer surface of the fibers.
2- Although sieving process following DPFs mechanical and chemical treatment resulted in
reducing the amount of fibers to a high extent but it was necessary to remove the lignin coating
the fibers and thus ensure the use of almost plant matrix free fibers.
3-

Better mixing of the matrix constituents (potato starch, glycerol, and water) enhances the
saturation of starch particles with glycerol and water and thus improves the starch plasticization.
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4- Presence of heat during mixing of the matrix constituents will result in rigid starchy clusters
inside the mixture that negatively affect the homogeneity of the matrix.
5- Manual separation of fibers aggregations after the sieving process will improve their distribution
inside the matrix as this separation hinders the electromagnetic attraction present in DPFs.
6- Optimum mixing of DPFs with the matrix is obtained by gradual feeding of these fibers on the
matrix and triggering the blender after the addition of each small quantity to the matrix.
7- Heating of the plasticized potato starch/DPFs mixture with continuous stirring results in better
adhesion between the fibers and the matrix.
8- The use of parchment paper to cover the grooves of the wooden molds used enhances the
demoulding of the samples when the compression molding process is finished.
9- Applying small pressure on the molds once they are placed between the plates of the hydraulic
press for 30 seconds is essential since it enables us to remove excess amount of the mixture
placed in the mold.
10- Applying heat for 20 minutes till a temperature of 115 C ± 3 without pressure on the samples
placed between the plates of the press will result in a more homogenous composite.
11- Storing the resulted samples in polyethylene bags prevent exposure of these samples to humidity
which affect the properties of the prepared samples.
B) Characteristics of the composite
1- Crystallinity of the composite increases with increasing DPFs content inside the matrix
2- Electrical resistivity increases with increasing fibers content
3- Fibers bundles present inside the composite have negatively affected its mechanical properties
4- Tensile strength, Young’s modulus, and bending strength increase with increasing DPFs loading.
5- The highest tensile and bending strengths are obtained in the composite with 22.8% of DPF
which are 6.67MPa and 11.82 MPa, respectively.
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For future work, it is recommended to:
1- Use shorter date palm fibers as it will minimize the fibers bundles negative effect on the
composite and provide better adhesion and distribution within the matrix.
2- Keep matrix constituents (starch, glycerol, and water) in polyethylene bags for 1 day to provide
better saturation of starch particles with the plasticizers (glycerol and water).
3- Conduct the soil burying test to measure the biodegradability of the composite
4- Do the water absorption test to evaluate the hydrophilic nature of the composite and its resistance
to water and humidity.
5- Evaluate the thermal properties of the composite by conducting the thermogravimetric analysis
(TGA) and the differential scanning calorimetry (DSC). These tests will enable us to determine
the melting, crystallization, and glass transition temperature for the composite.
6- Extend this research to other natural matrices as well as other types of natural fibers
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